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Ob ect
The object of this thesis is the photographic
study of flame propagation in a constant volume bomb,
with especial attention to the phenomena following
propagation and their relation to detonation.
Summary
The literature on gaseous combustion has been
reviewed. A bibliography of over 1100 articles is presented.
Experimental apparatus has been designed and
constructed, including a spherical, steel bomb of six
inches internal diameter.
Reproducible data on the rate of flame propaga-
tion have been obtained for a range of lean and rich mix-
tures with air of benzene, normal heptane, and a mixture
95 per cent heptane, 5 per cent butyl nitrite, at one,
two, and three atmospheres initial pressure.
It has been shown that in mixtures in which the
heat content is greater than a certain value, a bright spot
of high light intensity occurs at the center of the bomb,
a short time before the flame front reaches the walls.
This is considered a phenomenon preliminary to detonation.
In a few cases, rapid propagation similar to detonation
followed the occurrence of the bright spot.
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Part One
REVIEW OF THE LITERATURE ON GASEOUS SOMBUSTION
I. Introduction
Since the earliest stages of the development of
civilization, man has evinced the most active curiosity
about fire, and his increasing skill in the utilization
of this natural phenomenon has had profound effects upon
both his history and mode of life. It is outside the scope
of this thesis to delve in history, but one may recall the
interest in combustion shown by many of the founders of
modern chemistry.
Robert Boyle, the earliest to break away a little
from the obscurity of the alchemists, wrote a paper on the
function of air in combustion. His contemporary in the
seventeenth century, John Mayow, came nearer the truth, but
these pioneers still clung to tha ancient idea of fire as
one of the four fundamental elements of nature. Then came
the era of supremacy of phlogiston, that marvelous substance
of negative weight which was supposed to take part in all
processes involving heat. Hampered as they were by a theory
which seems so ridiculous to us of today, nevertheless the
great Phlogistians, Stahl, Black, Cavendish, Scheele, Priest-
ley and the rest made discoveries which prepared the way for
Lavoisier, the real father of modern chemistry. It was a
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competition proposed by the French Academy of Sciences in
1764 for street lighting in Paris that was the instigation
of Lavoisier's researches on the phenomena of combustion
and oxidation. His work began what has been aptly termed
the Chemical Revolution.
From the days of these early master scientists
down to the present, the special field of combustion in
the gas phase has presented the greatest richness and di-
versity of interest and has been most fruitful of results
valuable both to general theory and to specific practical
ends. Concurrent with the development of new sources of
energy for industrial uses, a succession of new problems has
come into being to give fresh impetus to investigations in
this field. More than a century ago, the growth of coal
mining made a suppression of its explosion hazards impera-
tive. Davy's safety lamp for miners is a well-known result
of this line of research, while work has continued from his
time to the present in many mines laboratories. Later on,
the extensive use of manufactured illuminating and fuel
gases gave rise to new problems of utilization. During in-
vestigations on the causes of destructive explosions in gas
mains in the years immediately following 1880, Mallard and
Le Chatelier discovered the phenomenon of detonation. Their
work and that of Berthelot and Vielle may be regarded as the
foundation of the vast amount of research on flame propaga-
tion which has been carried on in the last fifty years in a
number of laboratories. A modification of their apparatus
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was used in the experimental work for this thesis.
As in previous periods, the new means of producing
power devised within recent years has led to new and intri-
cate problems. The internal combustion or explosion engine
has been brought to a very high state of mechanical efficien-
cy, but the one important remaining means of improvement,
that of raising the compression ratio, has been blocked by
the occurrence of cylinder knock after a certain compression
ratio has been reached. Although mechanical changes in de-
sign reduce knocking tendency to some extent, the most
promising results are to be obtained by selection of fuels
of superior quality. Such fuels are now available and in
wide use, but the fundamental reasons for their effective-
ness and for the differences in knocking quality of fuels
in general are still in a highly hypothetical state.
II. Theory of Gaseous Combustion
Early Theories
As in many other branches of science, the slowly
unfolding development of the understanding of combustion
processes presents a race between experiment and explana-
tion. The apparent truth of each of a succession of theories
has hardly been established when new data has been obtained,
new phenomena discovered, new facts brought to light that
revealed the inconsistencies in existing ideas and threw
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doubt upon them. With each new advance, theory has had to
keep pace.
With the definite abandonment of the phlogiston
theory in the closing years of the eighteenth century, com-
bustion came to be regarded in simple terms of the new chem-
istry. For the next hundred years, the first step in the
burning of hydrocarbons was commonly believed to be the oxi-
dation of the hydrogen content to water, since this was con-
sidered the most susceptible part of the hydrocarbon molecule.
Some early work of Dalton, published in his ''New
System of Chemical Philosophy'' in 1808, was completely out
of accord with this view, but its significance seems to have
been lost sight of for many years. He exploded marsh-gas
(methane) with an equal volume of oxygen and obtained like
volumes of carbon monoxide, water, and hydrogen.
Much later, a theory more consistent with Dalton's
results was brought forward, that of the preferential com-
bustion of carbon. Kerston first propounded this explanation
in 1861 (J. prak. Chem., 84, 310) and it received considera-
ble support. Dixon (565)/ repeated Dalton's experiment in
1892 with the same result. Other apparent confirmation was
given to the theory on various grounds by Smithells and Ingle
(22) and by Misteli (299). However, it was thoroughly dis-
proved by Bone and Drugman (593) in 19o6 by experiments in
which they showed that in the explosion of paraffins there
V Note - Numbers refer to bibliography, Appendix IV.
L
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is a separation of carbon as well as a formation of steam.
Thus, the notion that a preferential combustion of either the
hydrogen or the carbon occurs when a hydrocarbon is burned
has been exposed as a fallacy.
Hydroxylati on The ory
During the last twenty-five years, the most widely
circulated view of hydrocarbon combustion has been the hydroxy-
lation theory of Bone (51, 593, 47, 43, 45, 48) based on evi-
dence collected by him and his co-workers during the years
1902-1906, and which he has continued to endorse in the face
of a great deal of criticism. Whatever its permanent worth,
this theory was a great historical advance over that of the
preferential combustion of carbon, which was its predecessor.
To quote Bone and Townsend (B 2), ''The idea underlying this
theory is that, when a hydrocarbon is oxidised, there is a
natural tendency for its hydrogen atoms to be successively
converted into OH groups, thus producing 'hydroxylated' mole-
cules with consequent heat evolution.'' In this theory the
primary oxidation product is thus a hydroxyl compound which
is then successively oxidized by a series of steps, finally
resulting in water and the oxides of carbon. For instance,
methane would first add an oxygen atom to form methyl alco-
hol, then another to produce methylene glycol, which would
break down to water and methyl ether, the latter going to
formaldehyde, which either decomposes to water and carbon
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monoxide, or else goes through another oxidation to formic
acid, which is finally broken down to water and carbon di-
oxide. Similar steps are postulated for other hydrocarbons.
Bone and his collaborators were able to show that most of the
substances called for by their theory can be found in the
oxidation products of paraffin hydrocarbons. By means of
bulb experiments at 3000 C. and also by a circulation method
at 5000, the slow oxidation of ethane, for example, gave pro-
ducts of formaldehyde, acetaldehyde, ethylene, hydrogen, and
oxides of carbon. Similar products were obtained from the
explosion of ethane with oxygen.
The greatest obstacle to the acceptance of the hy-
droxylation theory has been the failure to isolate alcohols,
which should be the first products to be formed. Usually,
the first substances that can be identified are water and
aldehydes. According to Layng and Soukup (1078) ''A thermo-
dynamic analysis of the partial oxidation of methane and
ethane on the basis of Nernst's thermodynamic theorem, as
well as by integration of the available specific heat data,
indicates that formaldehyde is the most probable product of
the reaction if the oxidation process is considered from a
kinetic as well as a static aspect. This analysis, however,
does not take into consideration the effect of catalysts in
altering the reaction velocities of equilibria involved in
partial oxidation, so that the isolation of alcohols by di-
rect oxidation of hydrocarbons is not impossible.''
The concluding qualification is well put, since the
onio
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catalytic oxidation of hydrocarbons to alcohols is an impor-
tant and well-known process. Nevertheless, the formation
of alcohols in flames is extremely doubtful, and their pre s-
ence in slow combustion has only slight evidence in support,
while there is a great deal to show the primary formation of
aldehydes. Even where alcohols have been isolated among the
products, it is very likely that they are results of secon-
dary reactions. Bone-s (47) early explanation of the non-
appearance of alcohols was that they are oxidized more rapid-
ly than the hydrocarbons themselves and so would be very dif-
ficult to separate. Layng and Youker (1079), however, observed
that n-heptyl alcohol was much more difficult to oxidize than
either n-heptane or n-heptyl aldehyde. Callendar (925) found
that the higher primary alcohols had higher temperatures of
initial combustion than the corresponding hydrocarbons. An-
other point is that if alcohols are so easily oxidized, how
can one account for their presence in experiments where they
have been found in small amounts? (Layng and Soukup (1078)
and Tropsch and Roe len(1076). Also, the step through secon-
dary alcohols is open to dispute as the result of the work of
Wieland (1074) which indicates that in some cases the forma-
tion of the aldehyde from the primary alcohol takes place by
direct dehydrogenation rather than by further hydroxylation.
Callendar (925) and Bennett and Mardles (147) criticize the
theory on the ground that it requires the breaking of oxygen
molecules into atoms, which seems unlikely at the low tempera-
tures often used, and also that this would necessitate ioniza-
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tion, which has not been detected prior to the initial ox.-
dation. Meanwhile, Bone in a more recent paper (167) re-
iterates the facts that he considers ample to substantiate
his theory and points to the isolation of alcohols by Landa
(1077) as the removal of the greatest obstacle to its accep-
tance.
More Recent Theories
As has been pointed out, the dubious part of Bone's
theory lies in the first stages. After the aldehydes have
been reached, the steps in the oxidation of the lower paraf-
fins are fairly clear. The aldehyde is oxidized further or
is decomposed, to formic acid or water and carbon monoxide
in the case of formaldehyde, while higher aldehydes also
produce well-known compounds. Pope, Dykstra, and Edgar (223)
state,''The initial oxidation product of n-octane is octal-
dehyde, which in turn is further oxidized to aldehydes of
successively lower number of carbon atoms, carbon monoxide,
and some carbon dioxide being simultaneously formed. '' In
a later paper (224), they interpret data on the vapor phase
oxidation of branched-chain octanes ''as indicating that in
general oxygen first attacts the methyl group at the end of
the longest free straIght chain and that it proceeds in a
manner analogous to that observed for n-octane until a branch
in the chain occurs, the oxidation slowing down markedly at
this point.'
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While it seems clear that aldehydes play an early
and prominent part in the oxidation of hydrocarbons, there
are several theories that attempt to describe an intermediate
step, the formation of some compound as a link between the
hydrocarbon and the aldehyde. The peroxide theory considers
this to be the direct addition of a molecule of oxygen to the
hydrocarbon molecule to form an unstable or labile compound
named by Grun (93) a 'moloxidel. The chief evidence to sub-
stantiate this is the presence of a very active form of oxy-
gen during the oxidation of hydrocarbons, and this was thought
to be part of some peroxide compound. One advantage of this
theory is that it is possible to derive from it a fairly
plausible explanation for motor knocking and the action of
antiknocks, which is very difficult to do in terms of the hy-
droxylation theory. Thus, Egerton (153) considers combustion
an autocatalytic process and that the effect of antiknocks
is to delay oxidation by destroying the catalysts. Later
(176), he explains that the peroxide may not be of a stable
nature and may be supposed to be the temporary product of
the union of a hydrocarbon molecule with an 'energetic' oxy-
gen molecule. This unstable peroxide may then either revert
to a normal peroxide or may break up into other products, one
of which will be an aldehyde. Brunner and Rideal (170), upon
finding that the rapid oxidation of n-hexane begins in an in-
duction period below the usual ignition temperature, assume
that this indicates autoxidation with the formation of molox-
ides which are catalyzed by active surfaces to stable peroxides.
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When the latter reach a certain concentration, explosion
occurs. Callendar (925) also uses the peroxide theory to
explaii the results of his work , since the appearance of
carbon dioxide and water simultaneously with the aldehydes
points to their being decomposition products of some prior
compound, probably an unstable peroxide.
J. S. Lewis (158) criticized the peroxide theory,
especially thi-e work of Callendar, on the grounds that it
had not been proved that peroxides which may be present are
derived directly from the paraffin hydrocarbons. Callendar's
tests may simply have shown the presence of hydrogen peroxide
or possibly peroxides coming from unsaturated hydrocarbons
as decomposition products of the paraffins. As an alterna-
tive, he postulated a dehydrogenation theory which states that
the primary oxidati on is the direct combination of oxygen with
the hydrogen atoms most easily split off from the hydrocar-
bon, with unsaturated compounds and water as products. In
substantiation of this view, he found at the moment of reac-
tion an increase in the total number of molecules in the sys-
tem, while the peroxide mechanism would call for a decrease.
Berl, Heise, and Winnacker (197, 198) present an
interesting explanation of the mechanism of paraffin oxida-
tion which may prove to be most in accord with the facts.
They recall that as long ago as 1896 Haber showed that in the
case of hexane, at 600"' to 8000 C., in the absence of air,
the C-H bond is stronger than the 0-C bond, so that hexane
and other paraffins are decomposed to give a simple, saturated
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hydrocarbon and another more complex and unsaturated. For
example: (CH )(CH )(CH ( CH)( CH )(CH) yields CH and
S a 2 2 2 3 4
(cH )(CH )(CH )(CH)=(CH ). At some point in this reaction
there will exist, due to the migration of two atoms of hy-
drogen, two unsaturated bonds within the molecule. It is
not too unreasonable to expect this same condition to exist
during the decomposition of the paraffins in the presence of
oxygen. This ties in well with Lewis's hypothesis that the
first step in oxidation is the direct combination of oxygen
with the hydrogen atoms most easily split off from the hydro-
carbon. Both the hydrogen atoms and the remainder of the
original hydrocarbon molecule would be very active at the
moment of formation. This remainder may be considered as
(R)(C=)(R ). Such a substance would combine with oxygen to
make an organic peroxide of explosive character because of
its intramolecular oxygen. These peroxides would act as
sources of a rapid reaction giving water and the oxides of
carbon, which would be very endothermiC. The hydrogen, lib-
erated by formation of less hydrogenated substances, burns
to give hydrogen peroxide and water, which in turn have an
oxidizing effect on the remaining fractions. The assertion
that the primary process of saturated hydrocarbon oxidation
is a separation of hydrogen is supported by the fact that the
formation of water appears before that of carbon monoxide and
carbon dioxide. The quantity of oxygen linked to hydrogen as
water is, in the case of incomplete oxidation, greater than
that linked to carbon.
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Rice (1092). in a recent paper on the decomposi-
tion of hydrocarbons in the absence of oxygen, 'concludes
that at present two mechanisms are considered possible;
first, rearrangement of atoms in the original molecule and
consequent breaking up into two smaller molecules, or, sec-
ond, breaking of the original molecule into two free radi-
cals. Pease (10Y1) believes that the pyrolysis of paraf-
fins at about 6000 C. results in rearrangement to mono-
olefines and either a lower paraffin or hydrogen, while at
higher temperatures free radicals are likely formed.
Burke, Fryling, and Schumann (1085) have recently
presented data which they interpret as indicating that the
same reactions occur in flames and explosions as in partial
oxidation at low oxygen concentrations and high pressures
(the conditions of their experiments). They believe that
the point of attack is at the C-0 linkages, with the forma-
tion of an intermediate hydrocarbon-oxygen compound. This
may be considered a confirmation of Berl, Heise, and Win-
nacker.
Ionization during Combustion
It has been known for a long time that flames and
explosions produce gaseous ions, but the exact source of
this ionization has been difficult to determine. It appears
to depend upon the coincidence of chemical action and high
temperature, but there has been disagreement upon what part
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of it may be considered thermal in nature and what part
purely chemical.
By means of an equilibrium equation based on ther-
modynamics, first suggested by Saha (1075), it is possible
to derive data with regard to thermal ionization. The ex-
istence of ionization as the result of chemical action in
homogeneous gas reactions has been seriously doubted. The
first investigations of the nature of ionization in gaseous
explosions were reported by Haselfoot and Kirkby in 1904,
(50) as indicating only very slight formation of ions. Sir
J. J. Thomson (71) suggested the possibility that electrons
moving with very high velocity may precede the explosion
wave and prepare the way for it by ionizing the gas. Attempts
to verify this have yielded negative results (116 and 627).
Experiments on the conductivity of exploding mixtures of hy-
drogen, carbon monoxide, and acetylene, respectively, with
oxygen by Saunders and co-workers (137, 160, 161 and 162)
led them to the conclusion that ionization which accompanies
gaseous explosions is predominantly thermal in character.
Very recently, Kirkby (1087) has presented very
interesting correlation of conductivity of exploding mix-
tures with the intensity of luminescence as shown in photo-
graphs of the flame propagation in a closed sphere (see fig-
ure following this page). By means of a very sensitive and
critically damped galvanometer, he has obtained records of
conductivity which indicate that ionization commences to oc-
cur simultaneously with the first appearance of intense reil-
Ionization in Gaseous Explosions
W. A. Kirkby, J. Chem. Soc., page 878 (1931)
I.'6
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lumination at the center of the bomb, reaching a maximkm
just as the flame reaches the walls of the vessel and sub-
sequently diminishing at the same rate as the intensity of
illuminati on. The appe arance of ionization first at the
center is in accord with the suggestion of Hopkinson (599)
that the gases at the center of the explosion region are
the hottest. Recombination of ions in this zone may par-
tially account for the luminescence. Saha (1075) has shown
that ionization of neutral atoms may be treated as a reversi-
ble chemical reaction with equilibrium fixed by thermo-
dynamics, so that ionization may be expressed in terms of
pressure, temperature, and ionization potential, with high
temperature and low pressure favoring a high degree of ion
formation. In closed sphere explosions, during the stages
shortly before the flame reaches the walls, temperature and
pressure increase rapidly to a maximum. The rise of tempera-
ture increases ionization, as indicated by the conductivity
curve, until the effect of the rapidly mounting pressure
brings about a point of inflection in the curve just before
the maximum is attained, indicating a reduction in the rate
of increase of ionization, accompanied by a recoombination
of ions.
In addition to the evidence that ionization does
not occur in explosions until well after the start of flame
propagation, it also seems unlikely in slow combustion. Gill
(262), in experiments on slow oxidation of carbon disulfide-
air and hexane-air mixtures, finds no ionization appearing
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at temperatures up to 4000 C., even though a phosphorescent
combustion starts around 1500. In hydrogen-air mixtures,
ionization is non-existent until self-ignition occurs or is
closely approached. Gill was also unable to explain on an
electrical basis the catalytic action of nitrogen peroxide
on the combustion of hydrogen.
On the other hand, ions seem to play an important
part in the course of gaseous combustion in the stages fol-
loviing ignition. Experiments by Bone and Weston (132) on
the combustion of rigorously dried carbon monoxide-oxygen
mixtures show that the effect of water on ignitibility of
the mixtures is electrical in nature rather than strictly
chemical; in other words, ions are involved. They found that
as water is removed progressively, a more and more energetic
spark is needed to ignite it until the energy required for
ignition is twenty or thirty times that required for a simi-
lar mixture saturated with water vapor. This result was con-
firmed by Finch (155) who concluded that in a field of suf-
ficient ionization, water actually is a diluent that retards
combustion.
Spectroscopy provides a very useful and valuable
technique for the identification of ions in flames. Smithells
presented in 1901 (40) a discussion of the hydrocarbon flame
spectrum. He recalls that it was first noticed by Wollas-
ton in 1802 and first mapped in detail by Swan in 1857, whose
name has been given to the characteristic set of bands ob-
served. These are now generally considered due to the C-C
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linkages of the hydrocarbons. Other groups of bands repre-
sent the OH and CH radicals. Haber (216) writes that it has
been established that C H , C H , and C H all yield the radi-
cal C-C as an intermediate substance, that long aliphatic
chains break down into members of low atomic weights during
combustion, and that benzene likewise yields C H . Also,
the existence of free hydrogen atoms has been definitely es-
tablished, by employing walls, dust, or antiknock compounds
to cause the free hydrogen atoms ,to combine with one another
and thus regulate the course of combustion.
Bonhoeffer and Haber (168) show that the spectrum
of the hydrogen flame contains a band in the ultraviolet
which has been identified as characteristic of the uncharged
hydroxyl radical. It has also been obtained from the absorp-
tion spectrum of mixtures of oxygen, hydrogen, and water va-
por at 12500 C. The hydroxyl radical may possibly be formed
either by the endothermic reaction H2 + 0 = 2 OH or by the
2 2
collision of a hydrogen molecule with an excited water mole-
cule. The carbon monoxide flame in the presence of water va-
por also shows the hydroxyl band, but it is rather difficult
to interpret the reactions in this case.
Tawada and Garner (195) have confirmed the source
of the hydroxyl radical as being the first stage of the hy-
drogen-oxygen combustion. They reason that a definite frac-
tion of the chemical energy from this reaction will be emit-
ted as chemi-lurninescence and that the quantity of this radia-
tion is dependent upon the duration of life of the hydrocyl
- 18 -
group. Excess hydrogen in the mixtures will diminish this
duration by means of combination to give water. A plot of
radiation against hydrogen concentration shows a very sharp
decrease in radiation as hydrogen is added in excess.
Spectroscopic studies of engine combustionmade
very recently by Withrow and Rassweiler (1121) demonstrate
that visible light from non-knocking flame fronts comes
largely from C-H and 0-0 groups. In knocking explosions,
the spectra of these radicals appear as usual in the first
part of the propagation, but are extremely faint in the
knocking region. Their experiments also indicated that the
after-glow spectrum is caused by the same molecules as those
existing in the carbon monoxide-oxygen flame.
Kinetic Study of Gaseous Combustion
The preceding review displays the wide differences
of opinion upon the chemistry of gaseous combustion and the
practical inconclusiveness of results derived from a gernral
or mass consideration of the reactions involved. From these
data and theories alone, it is extremely difficult to attempt
an explanation of the cause and nature of such phenomena as
detonation, engine-knock, and the action of antiknock com-
pounds. As expressed by Egloff, Schaad, and Lowry (210),
''Why change (in the nature of the combustion) occurs may
possibly be explained by a fuller knowledge of the steps
through which the oxidation goes as revealed by chemical
SiA - - -
- 19 -
studies of oxidation. But more likely the reason why some
fuels knock and others do not is to be sought in the more
fundamental properties of the substances than the steps by
which they oxidize.'' Knocking will be discussed in a sub-
sequent part of this thesis, but it is pertinent and neces-
sary first to present the study of gaseous combustion from
the kinetic point of view.
The following is based largely upon the second edi-
tion of Hinshelwood's ''Kinetics of Chemical Change in Gas-
eous Systems'' (B 6). Kinetic theory affords information of
a statistical kind about such matters as the number of mole-
cules colliding in unit time, and the number of molecules
which at any moment have abnormal speeds, or with a number
of energy quanta of angular momentum or of vibration above
the average. Correlation of these numbers with the number
of molecules actually observed to undergo transformation of-
fers the best illumination of the conditions governing occu-
rence of chemical changes. No correlation exists between
chemical affinity, as measured by maximum work, and speed of
reaction. Affinity depends solely upon initial and final
states. Reaction velocity depends upon the nature of some
specific intermediate reactive state in which molecules be-
come capable of rearrangement.
There are two kinds of chemical union, polar and
non-polar. Polar combination is by electrostatic attraction
between oppositely charged ions. Non-polar is by sharing of
a pair of electrons by two atoms. Many gas reactions involve
-20-
non-polar combinations, and will take place only if a cer-
tain amount of energy is first communicated to the molecule.
This communication of energy is ''activation''.
A true gas reaction is homogeneous, that is, sole-
ly in one gas phase. Many reactions in which gases take
part really occur predominantly on solid surfaces and are
thus heterogeneous. Activation is evidently the fundamental
process in homogeneous, bimolecular reactions and is both
necessary and sufficient to explain them. When molecules are
activated in the actual collision by which they are trans-
formed chemically, there is no distinction between rate of
activation and rate of reaction. Many bimolecular reactions
have been shown to occur through activation by collision.
Chain Reactions
Activation is ordinarily governed by the energy
distribution laws prevailing in thermodynamic equilibrium,
but in exothermic reactions a special mechanism becomes pos-
sible in which energy set free is communicated to molecules
which it immediately activates, a reaction chain being there-
by established.
In a system at the instant when a chain reaction
starts in it, for a fraction of a second the reaction velo-
city will increase as the chains develop, but in an extremely
short space of time will reach a ''stationary1 ' value where
the number of new, active molecules formed in differential
-21-
time is equal to the number disappearing due to deactivating
collisions in the gas phase or at the walls or other surfaces.
This stationary state is attained when one active molecule
of product is formed from one active molecule of reactant.
When this number is greater than unity, the number of acti-
vated molecules may increase rapidly, resulting in an in-
creasing reaction velocity approaching an infinite value and
consequently an explosion occurs.
With greater concentration of the gases, the fac-
tor of wall deactivation decreases. When this is the chief
means of breaking chains, there may be transition from slow
to explosive reactions as pressure increases. When gas phase
deactivation is the chief factor, explosion may originate as
the pressure is reduced. When both act, there are upper and
lower explosion limits.
As an example, consider the union of hydrogen and
oxygen. The principal facts of this reaction are as follows:
(1) Below 5000 0. combination takes place only at the
walls of the vessel, the rate of reaction is not very markedly
influenced by the pressure, and has a low temperature coeffi-
cient.
(2) Between 540/ C. and 5900, a reaction comes into
prominence which is undoubtedly a gas reaction; it is of very
high order, and has a high temperature coefficient. At 5600
the rate is roughly proportional to (H )3(0 )3/2.
S S
(3) This reaction, unlike the surface reaction, is not
accelerated by increase in the surface of the walls of the
A4,
SN
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vessel, but actually retarded, and to a marked degree. This
fact suggests that it is a chain reaction, and that certain
molecules are deactivated or destroyed at the walls., whereby
chains are shortened.
(4) Inert gases, including steam, have the most pro-
nounced accelerating effect on the combination. Evidently
they do not deactivate the active molecules which propagate
the chain. In other words, the collisions between active
molecules and inert gas molecules are elastic. The inert
gases, on the other hand, increase the length of the path
which the chains must traverse before reaching the wall
where they are broken. Hence the acceleration of the reac-
tion. Excess of hydrogen or oxygen exerts an influence an-
alogous to that of an inert gas, and this effect must be
deducted from the total effect before the ''mass action''
of the hydrogen and oxygen can be found.
(5) At lower pressures, between two sharply defined
limits, the reaction becomes explosive. The lower limit
would be the point at which the deactivating influence of
the walls of the vessel is just great enough to keep the
chains from developing explosively. The upper limit repre-
sents a point where some deactivation process in the gas
phase becomes marked enough to prevent explosive development.
This may be a mutual destruction of H 0 molecules which are
the centers from which explosive chains develop, possibly
as follows:
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(1) H + 0 =H O
(2) H O + H = 2 H O/ (activation indicated by /)
2 2 2 2
(3) H O/ + 0 = 0 / + H O
(4) 0 / + H =H O, etc.
2 2 9 2
A different mechanism of chain reactions in the
oxidation of hydrogen has been developed by Haber and his
students, in which activation is carried by hydrogen atoms
and free hydroxyl radicals. See Alyea and Haber (491 and
492) and Alyea (1082 and 1083), also Lewis (1090).
(1) H + 0 + H =OH + H O
(2) OH + H H 0 + H
2 8
Branchings of chains may occur by equation (1),
proceeding under certain conditions as follows:
(la) H + 0 + H = 2 OH + H
2 2
The two hydroxyls give rise to two of equation (2).
The rate then becomes auto-accelerating. Also, equation (la)
may be reversed to yield hydrogen peroxide.
(3) 2 OH + H = H O + H.
As mentioned previously, Hinshelwood found that
increase of surface did not affect the upper pressure limit
of the explosive reaction between hydrogen and oxygen, and
he considered this as proof of a homogeneous gas reaction.
On the other hand, Alyea and Haber (492) found that crossed
streams of hydrogen and oxygen do not explode until a glass
rod is pushed into the junction of the hot gasses. Factors
increasing the amount of hydrogen on the surface of the walls,
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such as higher total pressure, excess hydrogen in the gas
mixture, or pretreatment of the walls with hydrogen, in-
crease the non-explosive reaction but prevent explosion.
Steam and inert gases have the same effect, accelerating
the one reaction but preventing the other. It is signifi-
cant that varying the oxygen-hydrogen ratio does not ap-
preciably alter the partial pressure of hydrogen at the
upper explosion limit.
Alyea has proposed the following theory to explain
these phenomena (1082 and 1083). At high pressures the wall
is covered with hydrogen in a highly activated form. Under
these conditions, SiO adsorbs hydrogen atoms to give SiOH.
On such a wall may occur the reaction:
SiCH + H = SiOH + H,
2 2
and the chains are initiated, extending into the gas phase.
This gives rise to the measurable non-explosive reaction.
In the explosive region, the lower concentration
of hydrogen cannot completely cover the surface with hydro-
gen, and oxygen as well gains admission. The surface layer
of gas is changed, and with it the rate at which reaction
chains are liberated into the gas phase. The non-explosive
reaction has been replaced by explosion.
This may explain the independence of the upper
limit of packing. Even though the chains are initiated at
the walls, the upper explosion limit is independent of pack-
ing since it marks the pressure at which oxygen first gains
admission to the surface, irrespective of the amount present.
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The partial pressure of hydrogen at the explosion
limit should be a constant independent of the amount of oxy-
gen present, and such is found to be the case, the partial
pressure being approximately 50 mm. Adsorption measurements
of hydrogen on glass under these conditions substantiate this
explanation. In the neighborhood of 500* C., adsorption is
extremely rapid, while below 4500 it is negligibly slow.
Explosion occurs only in the temperature range 4500 to 6000.
At 500C a very sharp adsorption isotherm of 50 mm. is ob-
served, whether approached from higher or lower pressures of
hydrogen in the vessel. Similar correlation of explosion
conditions with adsorption measurements has been obtained
with carbon-monoxide-oxygen mixtures.
Semenoff (194, 230, 231, and 232) points out that
in combustible gas mixtures there may be two distinct events
in the course of combustion: (1) a heating effect or a com-
bination of heating with a chain reaction, and (2) explosion
may proceed without regard to contingent heating, in the
manner of a chain reaction, so that the reaction velocity
increases without limit.
Nitrogen peroxide (183 and 237) has the effect of
lowering the ignition temperature of hydrogen in oxygen by
as much as 2000 C. At temperatures about 4000, where normal
reaction is very slow, a critical limit phenomenon is exhi-
bited. A small trace of nitrogen peroxide produces no ob-
servable effect; as the amount is increased beyond a sharply
defined limit, an explosion occurs, while with still greater
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amounts of nitrogen peroxide a second sharp limit is reached,
beyond which explosion no longer occurs, but only a very slow
combustion. This action may be interpreted by the theory
that nitrogen peroxide acts both as a center from which
chains are set up by an exothermic reaction with hydrogen,
and as a negative catalyst similar to an antiknock, reacting
with and destroying the hydrogen peroxide formed in the
chains of the hydrogen-oxygen combination (according to the
Hinshelwood mechanism).
One of the originators of the chain reaction theory,
Christiansen, states in this connection (114) that this
theory enables an understanding of how a very small amount
of a negative catalyst can inhibit a reaction. On the other
hand, ' ' if we find homogeneous reactions which are inhibited
by minute quantities of a foreign substance, it is often pos-
sible to conc lude that chain re act i ons oc cur in the mixture.
It should be understood that, while in the Nernat
chain (union of hydrogen and chlorine) atoms of hydrogen and
chlorine are active agents in the propagation, in other chain
reactions the agents may not be special species but simply
ordinary molecules possessing excess energy. It might be sup-
posed therefore that inert gasea would have a retarding in-
fluence by depriving activated molecules of energy and break-
ing chains. They do not do so in the case of hydrogen and
oxygen, but rather accelerate the reaction due to the in-
crease in chain length caused by elastic collisions. Energy
transfers between molecules are very specific, the appropriate
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molecule alone can take the energy from an activated mole-
cule which may survive many other collisions. In fact, col-
lisions of similar molecules are often observed to reduce
energy much more effectively than those with diluent molecules.
Chain IR.actiond in the Combustion of Hydrocarbons
The two maIn characteristics of hydrocarbon oxi-
dations which cause them to be classed as chain reactions
are their tendency to autoxidation and the pronounced effect
of inhibitors. The hypothesis that hydrocarbon oxidations
are chain reactions does not depend upon the assumption of
any specific series of products as intermediates, and its
validity is therefore not conditioned upon the acceptance of
any theory for the steps ofoxidation.
Backstrom (144, 145, and 146) confirmed Christian-
sen's theory (114) by experiments done in 1927 on the rates
of oxidation of benzaldehyde, enanthalde hyde, and solutions
of sodium sulfite both in monochromatic light and in the
dark. He demonstrated the similar chain reaction mechanism
of both the photochemical and thermal reactions by the paral-
lelism between them in the action of inhibitors. It is now
considered that the same chains may be initiated by activa-
tion from any of several sources, including collision, light,
or alpha particles. Since 1927, numerous investigators have
studied the oxidation of several hy drocarbons and their
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oxidation products with results indicating that these reac-
tions are of chain character.
Egerton (176) gives a general view of the mechanism:
''Reaction will commence when a sufficiently energetic mole-
cule of fuel combines momentarily with an energetic oxygen
molecule, forming a temporary peroxide in a high energy state.
Several possible changes may result, very likely a breakdown
into an aldehyde and a water molecule. These molecules pos-
sess not only the original energy of activation but also the
reaction energy, and on their next encounter with other fuel
or oxygen molecules, could communicate enough energy to en-
able eombination to occur and so start a reaction chain.t'
The chain character o f the combustion of the fo-
lowing hydrocarbons and oxidation products has been demon-
strated: a3etylene by Kistiakowsky and Lenher (217 and 265),
ethylene by Thompson and Hinshelwood (1081) and by Spence
and Taylor (274), gaseous benzene by Fort and Hinshelwood
(258), methane, methyl alcohol, and formaldehyde by Fort and
Hinshelwood (259). The final products from the oxidation of
benzene, ethylene, and acetylene consist principally of steam
and carbon monoxide, with a smaller proportion of carbon di-
oxide. The great preponderence of carbon monoxide over the
dioxide suggests that the last stage of the reaction is the
decomposition of formic acid, which at these temperatures
decomposes more rapidly than it is oxidized (258).
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III. Inflammation Phenomena
Limits of Inflammability
In order to burn a gaseous mixture, it is neces-
sary to bring a point in the mass to a sufficiently elevated
temperature by some means; flame, electric spark, hot surface,
compression, etc. This temperature is called the inflamma-
tion temperature of the gaseous mixture. It depends, of
course , upon the nature and composition of the mixture . But,
on the other hand, it is also a function of the pressure,
dpecific heat, calorific conduction, that is to say, the
characteristic properties of the mixture. It is also a func-
tion of properties independent of these, such as the nature
of the surrounding surfaces, the volume of the container, etc.
It can be seen that the inflammation temperature depending
upon such a large number of factors must vary according to
the existing conditions. Thus, theoretically, it is not an
exactly determined physical constant. Practically, however,
if one works under conditions that do not vary much from
case to case, constant results are obtained, so that the
notion of inflammation temperature retains a sufficient pre-
cision.
Among the methods of determining inflammation tem-
peratures, that which in most cases gives the best results
is the pyrometer method, due to I.allard and Le Chatelier (545).
Its principle is as follows. The combustible mixture is sud-
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denly introduced into a receiver maintained at a known tem-
perature and which has first been evacuated. By repeating
the experiment several times, the temperature can be deter-
mined below which the mixture is never ignited and above
which it is always ignited. This is the inflammation tem-
perature of the mixture.
The pyrometer method can also be used to determine
the inflammation temperatures of mixtures of air with the
vapors of combustible liquids. In this case, Moore's special
method is often used (328). A drop of fuel is allowed to
fall upon a platinm crucible placed in a steel cylinder
maintained at constant temperature. A current of air, heated
to the same temperature as the crucible, passes at constant
velocity across it. Egerton and Gates (423) have studied by
this method not only the inflammation temperatures of a large
number of combustible mixtures but also the influence of small
quantities of vapors of metallic compounds or organic compounds
on the inflammation temperature.
A serious difficulty in the way of determining true
inflammation temperatures is the influence of heated surfaces
on initiating slow combustion at temperatures well below the
actual or instantaneous inflammation temperature. In an at-
tempt to minimize this effect, Dixon developed the concentric
tube method in which the combustible gas and the air or oxy-
gen are separately heated to the temperature of the vessel
before being allowed to mix (306). An improved form of this
apparatus was described in 1926 (409 and 410).
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Ignition temperatures by adiabatic compression
were obtained by Falk in 1906 (300, 302 and 303) and later
by Dixon and his co-workers (306, 316 and 317), by Tizard
and Pye (355 and 417), by Cassell (1094), and by Fenning
and Cotton (459). Dixon, Harwood, and Higgins (409) show that
good agreement was found between results from his concentric
tube meth od and from adiabatic compression.
An inflammable or explosive mixture may be defined
as one through which flame can be propagated indefinitely,
independently of, and away from, the original source of igni-
tion. For a section of a gas in burning to be able to raise
the temperature of the following section to its inflamma-
tion temperature, it is necessary to have a certain suffi-
cient amount of heat liberated by its combustion. The mix-
ture must contain a minimum amount of combustible gas and the
proportion of oxygen must be sufficient. In consequence,
combustion is propagated only if the composition of the gas-
eous mixture is included between two limits, known as the
upper and lower limits of inflammability, generally expressed
by the percentage in volume of combustible gas with respect
to the total volume.
Inflammability limits can be defined exactly only
under closely determined conditions. They depend not only
upon the pressure and temperature of the initial gas mix-
ture, but also upon the form and volume of the container and
upon the direction of flame propagation. It is this very
important influence of experimental conditions that explains
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the divergence of results obtained. Generally, increase in
temperature and in pressure widens the limits. Coward and
Jones (437) present a collection of data and literature on
the subject.
Dilution of themixture with non-combustible gases
narrows the inflammability limits, as might be expected.
Data on this subject have been presented by Wheeler (347),
Coward and Jones (407 and 1098) and others. Cosslet and
Garner (496) found that the lower ignition limit of carbon
monoxide-oxygen mixtures was but slightly affected by the
presence of water vapor.
Mechanism of Electric Ignition
Prior to 1914, the ignition of gaseous mixtures by
electric sparks was generally considered a thermal phenome-
non, but little intensive -research had been devoted to its
mechanism. In that year, Thornton (319 and 320), as the re-
sult of experiments with both direct and alternating current
ignition, concluded that ''it would appear probable from the
great difference of magnitude and type between continuous
and alternating current ignition that some kind of ioniza-
tion precedes combustion.'' He published several later pa-
pers in support of his ionization or ''electrical'' theory
of ignition (322, 323, 354 and 365), but only a few other
investigators have been convinced that ionization plays any
important part in ordinary ignition.
Finch and Cowen (411) were able to show that it
was possible to pass an electric discharge through a gas in
such a manner that combination takes place at a rate which
is determined only by the discharge. Their experiments were
performed on ''electrolytic gas'' under very special condi-
tions at pressures between 30 and 90 mm. and confined over
pure sulfuric acid. The luminescence of the combustion was
localized about the cathode or negative eledtrode.
The fact that the combustion zone is attracted to
the cathode does not have any especial bearing on ignition.
It is well known that ions do exist in flames and it has been
shown that flames are attracted in this way due to the drag
exerted on the heavy positive ions. This is in direct refu-
tation of the theory of Sir J. J. Thomson (71) that electrons
travel ahead of the flame. In a recent paper (1086), Gue-
nault and Wheeler state, ''Photographs show that the electric
field did not stimulate growth of the flame towards the posi-
tive plate, so that electrons shot ahead of the flame do not
appear to have assisted its propagation. The positive ions
are moved by the field towards the negative plate and it is
in this direction that the speed of the flame is apparently
increased. There is, however, a bodily movement of the whole
of the spherical flame surface towards the negative plate
and sometimes wholely to the right of the spark that caused
ignition. The movement of the flame surface towards the
left-hand plate is therefore not only retarded bt t actually
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reversed by the field. This suggests that the movement of
the flame surface may be mechanical, due to the moverment of
the heavy positive ions dragging the flame surface with them,
and not necessarily the result of a stimulus to chemical ac-
tivity imparted by the electric field.'' E. Lwis (1089) has
reached the same conclusion.
In a recent paper (840), Thornton indicates that
he has come to theview that the ions which give to flame
its electrical conductivity are probably a consequence and
not a cause of combustion. He mentions experiments in which
the flame is attracted to an electrode through attraction
exerted on the ions, similar to those described in the
Wheeler paper. Very recertly, Bone, Fraser, and Whee le r have
presented (1104) some interesting photographs of flame pro-
pagation under the influence of an electrostatic field. They
ind that another effect occurs in addition to the attrac-
ti on of the flame as a whole toward the cathode. When the
flame is passed from the negative pole towards the positive,
the positive ions are held well within the combustion region
behind the flame front and in consequence of being thus re-
tained in a more reactive region, the flame travels faster
than in the opposite case of travel from the positive pole
towards the negative, when there is a tendency to draw the
ions away to the front or even ahead of the flame front.
On the whole, the thermal theory seems to be suf-
ficient to explain ignition by electric sparks. ''The theory
- 35 -
asserts that ignition depends on the raising of a sufficient
volume of the combustible gases to a sufficient temperature.
Two quantities only are involved in the theory, volume and
temperature. The justification for the reference to volume
is that a spark insufficient to initiate combustion of the
whole of the gas will burn some of the gas immediately ad-
jacent to the spark, but the flame does not spread. It ap-
pears to be necessary to ignite a sufficient volume of the
gas to ensure autogenous ignition of the whole.'' (Morgan,
399).
Diversity of results in determinations of the
amount of energy required for ignition arise from difference
of duration, as between condenser sparks and inductance
sparks (the former being much shorter-lived, less total
energy is needed) and from cooling effects at the electrodes.
Coward and Meiter (422) demonstrated the variation due to
this cooling with different shapes of electrodes and varied
spacings. Their results were in complete agreement with the
thermal theory. E. T. Jones (440) also supports the thermal
theory in presenting data on the relation between condenser
and inductance sparks.
Very recently, Morgan (1100) has shown ''that when
a succession of electric sparks is maintained in a gas mix-
ture which cannot be ignited or inflamed by the sparks, the
amount of combustion, or combination of the constituents
which takes place in the mixture is proportional to the
heat energy of the spark discharge when the gap width is
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kept constant, and is proportional over a wide range to the
gap width when the heat energy of the discharge is kept
constant; and the deduction made from these experiments,
on the basis of earlier experiments, is that the results
are consistent with the hypothesis that combustion, like
ignition, depends upon the heating of the gas by conduction.
He found, in the case of a hot wire as with the sparks,
that the amount of gas consumed was proportional to the
heat produced.
Wheeler and his collaborators reported a few years
ago on an extensive series of experiments on many forms of
ignition (347, 353, 375, 381, and 431). They emphasize the
fact that the ease of ignition of an explosive mixture by
a spark or any instantaneous source of heat is dependent
essentially upon the normal speed of propagation of flame
in the mixture. The subject of ignition is connected closely
with that of flame propagation, since, as has been shown,
combustion may be going on in a gas mixture under conditions
where flame cannot be propagated, and until flame can conti-
nue independently it cannot be said that ignition has oc-
curred. The more precise word ''inflammation'' is the bet-
ter one to use, since it expresses this dependence upon
flame propagation.
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IV. Flame Propagation
Simple Propagation
Once the inflammation of a gaseous mixture is
initiated, combustion is propagated by calorific conduc-
tion. Each section of the mixture in burning heats by con-
duction the following section; when this latter section has
reached its inflammation temperature, it burns in turn, and
so on.
The rate of this propagation can be measured by
chrono-electric methods, as used by Berthelot in 1881 (530)
and by several others, or by a method of photographic
recording conceived by Mallard and Le Chatelier in 1883
(545) and which is the most effective means of investigation.
The principle of this method is as follows, as used by Mal-
lard and Le Chatelier. A photographic apparatus is arranged
in front of the glass tube (or other vessel) in which the
flame is propagated. The plate is placed in a vertical
slide along which it falls freely. It releases the electri-
cal ignition of the gaseous mixture at the instant of its
passage before the objective. The image of the flame that
passes through the tube is registered on the plate in the
form of a line more or less curved. The slope of the tan-
gent to this curve at any point permits the calculation of
the rate of propagation of the explosive phenomenon at this
point. In recent researches, the arrangement has been modi-
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fied but the principle remains thesame. The photographic
plate is replaced by a sensitized film rolled on a cylinder
rotating at high speed. Dixon, Strange, and Graham (568)
were the first to use film in this type of apparatus (in
1896).
Mallard and Le Chatelier perceived that under very
definite conditions the combustion could be propagated at a
uniform rate. This rate depends upon the nature of the walls
of the tube and varies very markedly with its diame ter. It
is usually of the order of a few feet per second.
Mallard and Le Chatelier, from the point of view
that propagation is by simple conduction of heat, derived a
formula for the rate on the basis of the composition of the
mixture, its temperature and pressure . This gives the rate
as proportional to the ratio T -t, where T is the tempera-
t -Q,
ture of combustion, t is the ignition temperature of the mix-
ture, and 9 is the initial temperature. Mason and Wheeler
(642 and 661) have examined tais view and find that, while in
certain cases the rate is substantially proportional to this
ratio, convection and other factors play an important part.
Coward and Jones (733), in experiments on mixtures diluted
with various inert gases, found rates not in agreement with
what would be expected from consideration of the different
conductivities of the mixtures. They suggest, ''whatever the
precise mechanism whereby energy is transferred from the flame
front to the neighboring unburnt layer of gas, this mechan-
ism functions so rapidly that the speed of flame is mainly
determined by . . . the rate of chemical reaction itself.''
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When an explosive gaseous mixture i's ignited within
a closed vessel, the speed at which the flame begins to
spread is determined by a combination of thespeed at which
the inflammation is propagated from layer to layer of the
mixture and the speed at which the portion of the mixture
about to be burned moves under the expansive force of the
portion already burning. Unless the speed of propagation of
flame is very rapid, or the vessel very small, the unburned
mixture ahead of the flame front at first moves freely with-
out being appreciably compressed. A time comes, howeve r,
when, owing to the nearness of the walls of the vessel, the
unburned mixture ahead of the flame can no longer move freely.
The movement of the flame is affected by this slackening of
movement of the unburned mixture and an appreciable retarda-
tion of its speed occurs as the walls of the vessel are ap-
proached. (Ellis, 713 and 738).
In a spherical bomb with central ignition, the
flame is allowed to spread symmetrically. In fact, when
ignition is eccentric, the flame tends to become concentric
with the vessel. The maximum change in therate of propa-
gat'on due to building up of pressure between the flame front
and the walls occurs when the volume of burned gas equals the
volume unburned. (Ellis, 763 and 764). A mathematical an-
alysis by Stephenson (834) confirmed theresults of Ellis's
experiments on flame propagation in a sphere and the atten-
dant pressure effects.
The moment of maximum pressure in propagation in
a sphere corresponds with the moment the flame reaches the
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walls of the vessel, but this is usually not exactly true
in the case of non-spherical containers where effects enter
due to pocketing of portions of the gas and to unequal cool-
ing (Ellis and Wheeler, 737).
Great difference of opinion has existed on the ex-
planation of theincreased emission of light which generally
occurs shortly before the flame has reached the vessel walls.
Ellis and Wheeler (738) conceive three possible explanations:
(1) reassociation of dissociated molecules of carbon monoxide
or steam, which they reject on the ground that this would
need to occur under a falling temperature gradient, contrary
to the observed facts; (2) the dissociation of such molecules,
which is rejected because it must be accompanied by the ab-
sorption of heat, contrary to the facts; (3) completion of
the combustion of molecules that escaped being burned while
the flame was travelling through that porti on of the mixture.
They conclude that this last hypothesis is the correct one
and name the re-luminescence ' 'after-burningt . It is dif-
ficult to imagine, however, precisely how certain molecules
could ' 'escape being burned while the flame was travelling' '
Some secondary or residual stage of combustion id conoeivable,
due possibly to a shift in equilibrium, brought about by a
reflected pressure wave, but it seems hardly likely that
any molecules completely escape combustion in the flame .
David and Davies (250 and 251) go to the other ex-
treme and conclude that chemical action plays no part in the
They found the intensity of luminous radiationluminescence.
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at any instant dominated by the temperature of the mixture,
as inferred from its pressure, and apparently not influenced
at all by the amount of chemical combination taking place.
From experiments in which the mixture is recompressed at
several successive intervals after expansion, they observed
reillumination at each compression, long after combination
is ''generally supposed'' to be complete. They were unable
to explain the luminosity on a purely thermal basis and sug-
gest that chemical combination results in the formation of ab-
normal molecules which persist for some time and only slowly
pass into normal molecules. These abnormal molecules are
supposed to possess excess energy, but their hypothetical
long life makes it impossible to presume this to be rotational
or vibrational energy, so the authors think that molecules
of abnormal structure may be concerned. David (92) put for-
ward this idea several years previously, as the result of
work on the infra-red radiation from exploding gases.
Kirkby's recent paper (1087) (see page 14 of this
thesis) gives a more solidly grounded explanation of this
increased luminosity, based upon the well-known presence of
ions in the flame, the existence of which neither Ellis nor
David apparently considered. It may be useful to repeat
Kirkby t s theory.
Saha (1075) has shown that ionization of neutral
atoms nayt be treated as a reversible chemical reaction with
equilibrium fixed by thermodynamics, so that ionization may
be expressed in terms of pressure, temperature, and ioniza-
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tion potential, with high temperature and low pressure
favoring a high degree of ion formation. In closed sphere
explosions, during the stages shortly gefore the flame
reaches the walls, temperature and pressure increase rapidly
to a maximum. The rise of temperature increases ionization,
as indicated by the electrical conductivity measured by a
galvanometer, until the effect of the rapidly mounting pres-
sure brings about a point of inflection in the current curve
a short time before the maximum is attained, representing a
reduction in the rate of increase of ionization, accompanied
by a recombination of ions. The luminescence increases and
diminishes in close parallel with the ionization, as shown
by the conductivity.
De tonati on
In 1881-1882, during the course of their experi-
ments on the rate of propagation of the explosive phenomenon
in gases, Berthelot and Vielle (530, 531, etc.) and, indepen-
dently, Mallard and Le Chatelier (532) measured the rates of
many mixtures, some being much faster than had ever been ob-
served up to that time. Thus they were led to conceive a
new mode of propagation of explosive phenomena, propagation
by an explosion wave or detonation. Very soon after the pub-
lication of the results of these French scientists, Dixon
began research on detonation, measuring rates of explosion
and observing the phenomenon photographically (565, 585, etc).
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The following are a.mong thie Important properties
of detonation, as stated by Lewis and Friauf (323). ''(1)
Wlen established, the detonation wave propagates with a
constant velocity which depends upon the chemical and per-
centage composition of the gas mixture. (2) The speed is
independent of the material of which the tube is made. (3)
The speed is independent of the diameter of the tube, if this
is larger than a small limitIng value. (4) The speed is
practically independent of the initial pressure and tempera-
ture of the gas mixture. A three-fold variation in pressure
near atmospheric or a variation in temperature from 100 to
1000 C. introduces onlT a slight alteration in speed. (5)
The speed is independent of conditions in the rear of the
wave. It is immaterial whether inflammation is started at
the closed or open end of a tube or whether ignition is pro-
duced by a flame, spark, detonator, shock wave, or by some
other means.
'Therefore, the speed with which a detonation wave
propagates is a physical constant of the particular gas mix-
ture. It should be noted, however, that the period of com-
bustion immediately preceding the establishment of the detona-
tion wave is markedly influenced by many factors, such as
initial pressure, temperature, condition of the interior
surface of the tube, diameter of the tube, composition of the
mixture, and method of ignition.''
Berthelot and Vielle compared the speed of a detona-
tion wave to the mean kinetic velocity of the molecules in
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the burned gas. This can be computed from the temperature
attained in the combustion, but in many instances the speed
thus calculated differs widely from the experimentally de-
termined velocity of the detonation wave.
Dixon at first considered the propagation of
detonation similar to the travel of a sound wave, but dis-
crepancies were observed., which he first ascribed to the
partial dissociation of steam in the wave. It seems doubt-
ful whether such dissociation is at all sufficient to account
for these discrepancies. In 1910, Dixon wrote (70), ''I do
not believe today in the truth of my working hypothesis of
the explosion wave. It embodied a number of assumptions,
some of which I have myself shown to be erroneous.'' One of
these assumptions was that the specific heat of the products
at constant volume is independent of temperature.
About thirty years ago, Chapman (573) and, inde-
pendently, Jouguet (591) developed a theory of the mechan-
ism of the propagation of detonation, based upon Hugoniot's
hydrodynamic law of wave-travel (553, 554, 555, and 557).
The Chapman-Jougue t theory considers a system with co-ordinate
axes moving with the flame front, consequently at rest with
respect to these axes. The equation of state and equations
expressing constancy of mass, momentum, and energy within
the wave front give four relations between the five unknowns,
namely the velocity of the wave, and the velocity, specific
volume, pressure, and temperature of the burned gases. Con-
siderations based on mechanics and thermodynamics led Jouguet
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to assume a fifth relation, 9 = - (d1) = ____
vI - V 2  dv 2 ad. va
where r is the ratio of the specific heats for the burned
gases. Solving, the wave velocity is given by V = m/r n RT ,
a
where m = -., . This equation states that the velocity of the
ve
wave i s m times the velocity of sound in the burned gases.
Values of the temperature are found in successive trials
until all equations are satisfied, resulting in a value of
m to be used in the above formula. Similar computations
can be made, taking into consideration dissociation at the
temperature and pressure attained in the wave front (in
place of the initial simplifying assumption that the reac-
tions go to completion). This introduces more variables
and an equal number of equations, and V can be computed as
be fore .
Wheeler and Friauf (823) found close agreement
between experimental values and those calculated with the
Chapman-Jouguet equations for the detonation rate in hydro-
gen-oxygen mixtures diluted with nitrogen or with oxygen,
and fair confirmation when the mixtures were diluted with
excess hydrogen or with argon or helium.
Recently, B. Lewis (268 and 1090) has developed a
theory of the propagation of detonation by means of reaction
chains. The complete reaction consists of a number of steps.
The product of any step is shot forward with a velocity cor-
responding to the energy of translation acquired by it and
it then becomes a reactant in the next step. A similar
active product or carrier is continually regenerated. The
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velocity of the carrier is shown to increase to a constant
value, which is identified with the velocity Of the detona-
tion wave in the appropriate mixture. Calculated values in
many cases agree well with those found experimentally, es-
pecially for the maximum speed reached during the explosion
in a certain optimum composition mixture of each combustible
gas with oxygen.
One difficulty with this theory of Lewis is that
a given mechanism may indicate two carriers, one which agrees
with the experimental velocity, the other providing for a
much greater velocity. Some physical limitation seems to
be involved, and the question arises, does the detonation
wave give rise to the chemical reaction or the chemical
reaction to the detonation wave? In short, the Chapman-
Jouguet equations can be used to calculate the detonation
rate on a mechanical basis, while the Lewis theory helps to
explain how this rate is chemically possible.
In conclusion, it may be reiterated that detona-
tion is a special, distinct, definite form of flame propa-
gation and the loose use of this term is indefensible.
V. Knocking in Internal Combustion Engines
L echanism of Knocking
The preceding discussion will aid in the inter-
pretation of the phenomena which occur in the type of in-
ternal combustion engine operating by explosions ignited
by electric sparks, as distinct from Diesel engines and
other types where ignition is non-electrical.
To increase the efficiency of such a motor, it
is or Interest to raise the compression ratio. This is
shown in the data in the following table as given by
Egerton (964):
Compression Theoretical Gain of
Ratio Efficiency Efficiency
4 to 1 42.6 ----
5 to 1 47.5 11.0 0/o
6 to 1 51.2 8.0
7 to 1 54.0 5.5
8 to 1 56.5 4.5
If the compression were raised from 4 to 6, there
would be a gain in efficiency of nearly 20 per cent. The
efficiencies of actual engines are considerably less, some-
thing of the order of 30 per cent at 4 to 1 and 35 per cent
at 6 to 1, or a gain of about 16 per cent in efficiency.
For engines of three or four inches cylinder diameter, the
maximum practical e f ficiency would be given by a compre ssion
ratio of about 7 to 1, taking into account the mechanical
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forces developed and the means adopted to withstand them.
It is not possible to reach such an efficiency because the
behaviour of the gasoline fuel limits the compression ratio.
In an ordinary automobile engine, compression much beyond
5 to 1 leads to knocking and consequent loss of power. By
careful design it is possible to arrive at compression ra-
tios of as much as 6 to 1, but only with some sacrifice in
other respects. This forced limitation of the efficiency
of the engine is unfortunate as applying to the automobile
but still more so to the airplane.
The knocking tendency of a fuel for a certain mo-
tor is variously defined. The following empirical test is
widely used. The compression at which the knock commences
to be audible is measured under very definite conditions of
temperature and with the inflammation and compression of the
mixture regulated to give the highest efficiency. This is
not the maximum compression that could by attained, it is
rather the optimum compression, and is known as the highest
useful compression ratio, commonly abbreviated, H. U. 0. R.
Midgley and Boyd (849) point out that unless in-
tensity of knock in a given engine is so great as to cut
down power, the presence of an antiknock material does not
result in an increased fuel economy.
While various other knock tendency criteria have
been devised, for actual comparison of various commercial
fuels, the most reliable is testing in an actual engine (Tau-
bert, 1070). There has been some difficulty in obtaining
- 49 -
checking determinations in different laboratories, working
with several types of engines under dissimilar conditions.
Better agreement has resulted from a growing appreciation
of the causes of divergence, including atmospheric condi-
tions (Brooks, White, and Allen, 1026), different rates of
oil consumption (Stacey, 1122), and carbon deposits (Mac
Coull and Brooks, 942).
The primary question confronted, and one that has
not yet been completely solved, is the real nature and me ch-
anism of the knocking phenomenon.
Until recently, little or no distinction was made
between knocking and pre-ignition, although the marked dif-
fe re nce in sound and in effect indicates that the two phe-
nomena are not of the same nature. Ricardo (854) as long
ago as 1918 distinguished between the two and pointed out
that the power and efficiency of the high speed e ngine were
limited not so much by pre-ignition as by knocking. Knock-
ing, if serious, would, however, lead ultimately to pre-igni-
tion of residual unburned charge owing to its compression by
the expanding burned and burning portion. The heat due to
compression would be augmented by radiant and conducted
heat, in this manner the ignition temperature of the unburned
residue is attained. At this point, Ricardo considered that
the unburnea gas inflamed almost instantaneously throughout
its bulk, and the rapid rise in pressure caused the cylinder
walls to vibrate as though struck by a hammer. This may be
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called the spontaneous ignition theory of knocking. The
same view was held by Tizard (869) who performed a se rie s
of experiments on the ignition by compression of mixtures
with air of various fuels, the work having been continued
by Tizard and Pye (355 and 417).
Ricardo and Tizard and Pye appear to be uncer-
tain as to the subsequent order of events after the spon-
taneous ignition of the residual charge occurs in the cylin-
der. Tizard speaks of the setting up of detonation waves,
although he is doubtful whether knocking and true detona-
tion are the same. A considerable amount of experimental
evidence has been obtained in support of the view that
knocking is caused by the sudden ignition of the unburned
charge in the cylinder. Thus, although Woodbury, Lewis,
and Canby (672) were unable to detonate ether-air mixtures
in their apparatus, they frequently observed auto-ignition
of the mixture ahead of the flame. At such times, a loud
knock was heard. In a very recent paper, Schnauffer (1118)
presents results in agreement with the spontaneous ignition
the ory.
Knocking has also often been attributed to a det-
onation wave formed in the cylinder. In order to debate
this hypothesis, a brief review will be made of the circum-
stances of the formation o f the explosion wave in gaseous
mixtures (Laffitte, 1114).
Many mixtures, especially those with oxygen, give
rise -to detonation easily. With air in place of oxygen, it
is much more difficult to obtain the explosion wave. Thus,
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Dixon was unable to obtain detonation in mixtures of air
and vapors of alcohol or ether, while if the air were re-
placed with oxygen, the wave would be formed easily. Laf-
fitte obtained the same negative result in the case of mix-
tures of air with illuminating gas or methane.
Moreover, when a combustible mixture is igiited
by an electric spark as in an engine, the wave does not com-
mence immediately. It is preceded by a certain interval
by an ordinary combustion whose rate increases up to the
moment of the beginning of the explosion wave. This dura-
tion of combustion is more important when the diameter of
the tube is large, as is shown by the following data rela-
tive to a mixture of carbon disulfide with three parts of
oxygen (Laffitte, 718):
Interior diameter-<f tube (mm) :6.5-7 16 24 34 43 54
Duration of combustion. (cm): 48 52 58 84 105 131
It is seen that in a tube 43 mm. in diameter, more
than a meter is needed for the beginning of the explosive
wave. Dixon (565) found that the flame travelled 12 in.
in electrolytic gas before the detonation wave was initiated,
when the spark gap was 3 in. from the wall. If the gap was
nearer to the end of the tube, the preliminary run was in-
creased to 4 ft. The much more rapid acceleration presumed
to occur in the engine cylinder is attributed to the high
temperature and to the high degree of turbulence, as well as
high pressure. Laffitte (771) found that the formation of
detonation is re tarded by elevation of the initial tempera-
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ture in the case of mixtures of hydrogen or methane and
oxygen. In addition, the effects of the explosion are less
intense at elevated temperature than at ordinary temperature.
Factors facilitating the initiation of detonation
are next to be considered. The period of slow inflammation
preceding detonation is suppressed completely when the ex-
plosion of the gaseous mixture is set off by an explosive of
sufficient power, such as mercury fulminate or dynamite (Laf-
fitte, 718). The preliminary period may be diminished great-
ly when discontinuities are arranged on the surface of the
vessel. Thus, in the case where there are two tubes, end
to end, at the point of junction of the two tubes there is
a discontinuity which may provoke the formation of the ex-
plosion wave well before the point where it would have oc-
curred otherwise.
The initiation of detonation is also favored by an
increase of the initial pressure of the gaseous mixture (Du-
manois and Laffitte, 729). With a mixture of oxygen with
two parts of hydrogen at ordinary temperature in a tube 13
mm. indiameter, the wave is formed after the following runs:
Initial pressure (atm.): 1 2 3 4 5 6 6.5
Duration of comb. (cm.): 70 60 52 44 35 30 27
It is seen that the increase of the pressure from
one to five atmospheres diminishes by half the length of
combustion preceding the beginning of detonation. Neverthe-
less, the flame must still travel an appreciable distance.
Similar results have been obtained by Egerton and Gates (735).
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From all the preceding results, it may be con-
cluded that the formation of a true detonation seems hard-
ly probable in a motor, since the distance of flame travel
in the cylinder is too short. It is possible that there
may be propagation at an accelerating rate which would be-
come detonation if the cylinder were longer. Such accelera-
tion has been observed and might explain knocking. In a
similar way, the knock may be caused by & vibratory type of
propagation which has often been observed preceding detona-
tion. Morgan (721) and Egerton and Gates (736) have sug-
gested this explanation as the result of experiments. It
seems likely that the propagation occurring in knocking is
at least very similar to detonation. Recent contributions
to this view have been made by Ricardo (971), Glyde (1049),
Lorentzen (1119), Withrow and Boyd (1123), and Withrow and
Rassweiler (1124).
Ricardo and other writers have generally assumed
that any residual droplets of fuel would be completely evapo-
rated before the charge in an internal combustion cylinder is
Ignited. This evaporation would be aided by the rise in tem-
perature during compression, and by contact with the hot
cylinder walls and with the residual gases from the previous
explosion. A consideration of the temperature-entropy dia-
grams for the more usual engine fuels led Callendar, King,
and Sims (907) to conclude that such might possibly be not
the case. Unlike steam and alcohol, the saturated vapors of
most fuels at temperatures not exceeding their critical points
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would condense, not superheat, when subjected to isentropic
compression. Inview of these facts, they suggested that
knocking is due to the spontaneous ignxition of a compari-
tively large volume of unburned charge by the inflammable
nuclei, with the production of a sudden rise in pressure.
Callendar, King, and Sims apparently overlooked
the fact that they were dealing with temperature - state of
aggregation diagrams for pure hydrocarbons, while the gases
in the cylinder contain only a small percentage of fuel,
mixed with several volumes of air. In the cylinder, it is
hardly possible for droplets of fuel to condense, and so
Ricardo was right in assuming complete vaporization.
Mechanical Means of Eliminating Knocking
While the simplest way to eliminate knocking is by
selecting a fuel which will permit a higher compression ratio,
this is done only at considerable added cost of operation.
A mechanical solution of the problem might be devised at
much less expense in the long run. Various suggestions have
been made to this end, such as multiple ignition (Dickinson,
863), cooling (Laffitte, 718), and turbulence (Ricardo, 866).
One of the most ingenious schemes is the stepped piston de-
vised by Dumanois (911) and based on the detonation hypothe-
sis of knocking. When detonation is propagated in a tube
whose diameter decreases.suddenly, at the point of discon-
tinuity the explosion wave ceases to be propagated and gives
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place to a much lower rate of flame travel, as shown by
Laffitte (701 and 718) and Campbell (672). Dumanois claims
the complete elimination of knocking at a 6.4 compression
ratio through the use of this piston with a stepped face.
On the subject of special designs of engines for
various types of fuels, Grebel (1042) writes, ''The least
that can be said is that this ignores the difficulties of
design, production, and utilization of motors so diverse,
with delicate stomachs by definition, which would necessari-
ly be a bother to feed with their particular diet.''
The characteristic sharp sound of the knock may
possibly be suppressed or reduced by a design which elimi-
nates unsymmetrical spaces where ''pockets'' of gas may
form. Maxwell and 1V"heeler (996) found no audible report in
bomb experiments when such pockets did not exist, in the case
of pentane-air mixtures at initial pressures up to two at-
mospheres. Suppression of the sound would avail nothing
if the Inoisles s 'knock'' remained, with all its harmful
effects unaltered . In other words, it seems best to at-
tack the problem through a thorough investigation of the
mechanism of the combustion in the cylinder.
Knock Suppression by Altering the Fuel
It has long been known that benzene, toluene,
xylene, and similar aromatic hydrocarbons added to gasoline
improve its quality as regards knocking, but to raise the
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compression ratio from 4.5 to 6 would require the mixture to
contain about 50 per cent benzene by volume (Midgley and
Boyd, 873). The world's production of benzene, limited as
it is at present by the production of coke, is only a frac-
tion of that which would be necessary to add to gasoline to
make it possible to use in high compression engines.
It is also known that straight chain paraf fins in
general have a more severe knocking tendency than those with
branched chains and that this tendency increases with the
length of the longest straight chain in the hydrocarbon.
Pope, Dykstra, and Edgar (225) found that in the case of six
isomeric octanes the knocking tendency is in the same order
as that of the extent to which the principal chain reaction
ocours; this is thought to be the oxidation of an aldehyde
to carbon monoxide, water, and another aldehyde, of lower
molecular weight. The order of knock tendency and of the
oxidation reaction is determined by the length of the long-
est open-end straight chain of carbon atoms in the molecule.
The one isomer in which no low temperature oxidation could
be observed, 2,2,4-trimethyl pentane, is the one with the
least knock tendency.
Lovell, Campbell, and Boyd have tabulated the rela-
tive knocking tendency of twenty-seven paraffins from pen-
tanes to decanes (1119). In a more recent paper (1120) they
have made similar tabulation for the aliphatic olefines, in
which they show that in this series also the tendency is. de-
termined roughly by the length of the longest saturated car-
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bon chain. As a group, the olefines can be used at higher
compression without knocking than can the paraffins.
As a means of placing knock ratings of fuels on a
uniform basis, the Ethyl Gasoline Corporation has chosen the
comparison of the highest useful compression ratio of the
fuel to be tested, with the mixture of normal heptane (high
knock tendency) and iso-octane (2,2,4-trimethyl pentane)
that has the same H. U. C. R. (Edgar, 929). A fuel of good
knock rating corresponds to mixtures of these standard hydro-
carbons within the range 40-60 per cent octane with 60-40
per cent heptane. These ratings are reported as the ''octane
numbers'' of the fuels; that is, the number of parts of oc-
tane in the mixture per ten parts of heptane. (Olayden, 1035).
In an attempt to account for the different charac-
teristics of knocking and non-knocking fuels, Aubert and
Duchene (816) performed experiments in a cylinder on the
inflammation of benzene and normal hexane and heptane. Cer-
tain photographs showed a discontinuity in the photographic
darkening of the negative. A very pale initial propagation
was followed suddenly by a very actinic flame propagated
in both burned and unburned gas. This was regularly found
Tvith the straight chain paraffins, while with benzene nothing
similar was observed; the flame in the latter case being con-
tinuous, without an abrupt brightening, even at compression
ratios as high as 5.9. They suggest that knocking is due to
this sudden burst of flame.
- 58 -
Antiknock Compounds
For several years, various ''dopes'' have been on
the market, each claiming efficacy as a remedy for one or
more of the common automobile engine troubles. After a
thorough investigation of many of these, Dickinson (1114)
has concluded recently that none that he examined was of
the slightest value as concerns easier starting, vaporiza-
tion, vapor lock, power development, carbon deposits, mile-
age, etc. No compound on the open market intended for ad-
dition in small percentages to gasoline to prevent knocking
was proved of definite worth. The only good American anti-
knock, ethyl fluid, is not on the market as a dope, but is
sold only in the form of ethyl gasoline, ready for use as a
high grade fuel of standard antiknock quality. Iron car-
bonyl and other knock suppressors are in use in Europe, but
have not been widely employed in this country.
In 1915, the General Motors Corporation found the
sale of its Delco rural lighting plants reduced by the strict
limitations enforced in many communities on the storage of
gasoline in or about homes. It was decided to design a mo-
tor capable of operation on kerosene. This introduced the
problem of knocking and extensive research was started on
some means of reducing knock tendency by additions to the
fuel of small quantities of a ''decompressionizer'' or what
is now known as an antiknock compound or knock suppressor.
(Ziegenhain, 1071, and Edgar, 1039). Midgley and Boyd under-
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took the research, and after several years of work, during
which thousands of compounds were investigated, they dis-
covered the remarkable antiknock properties of tetraethyl
lead in 1922 (104, 105, 872, 873, and 874).
Extremely small quantities of this compound have
a surprising effect. Thus, Callendar, King, and Sims (925)
state that less than one-half fluid ounce of tetraethyl
lead per gallon of gasoline raised the 11. U. C. R. 40 per
cent for the same fuel consumption. Usually there Is added
to the gasoline a quantity of tetraethyl lead of the order
of a few tenths of one per cent in the form of ethyl fluid,
which is a solution of 55 per cent tetraethyl lead in a mix-
ture of ethylene dibromide and monochlor-naphthalene. The
other substances are added for the purpose of preventing a
formation of lead on surfaces within the cylinder.
Many other substances behave similarly to a more
or less marked extent. The materials having the best anti-
knock properties are the organo-metallic compounds (lead-
tetraethyl, tellurium-diethyl, tin-tetraethyl, etc.), then
the metal carbonyls. Iron carbonyl is used extensively in
Germany as an antiknock. Several organic substances, such
as the aromatic amines, phenols, nitriles, quinone , etc.,
have knock suppressing qualities, but in a much lower degree
than the other two classes of materials. (Lind and Bardwell,
940, anA Taylor, 948.) The injection of a fine spray of
liquid water into the cylinder has been found to reduce the
knock tendency through a lowering of the temperature through-
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out the cycle. Wate r v ap or would have much le s s value than
the liquid (Chauvierre, 901, and Hobbs and Fast, 1055).
Numerous empirical researches have been carried out to find
new antiknocks. It has been found that the aryl metallic
compounds are less effective than the alkyl compounds.
Again, only those composed of oxidizable metals are useful.
Finally, the compounds in which the metal is directly united
to oxygen are useless (Laffitte, 1117).
In the opposite sense, there are classes of com-
pounds which increase the knock tendency, especially alkyl
nitrites and nitrates. 1idgley (881) states that one gram-
mol of isopropyl nitrite is opposite in effect to one-tenth
of one gram-mol of tetraethyl lead.
As discussed in a previous part of this review,
many combustible gases, hydrocarbons particularly, oxidize
slowly below their true inflammation temperature. This slow
oxidation is accomplished in several steps, in the course of
which aldehydes have been observed prominently. It has been
suggested that peroxides are intermediate between the hydro-
carbon and the aldehyde which is the first detectable pro-
duct. Many investigators have found that antiknock compounds
retard the course of this slow oxidation (Lewis, 158, Dumanois
and Monval, 174 and 175, Egerton and Gates, 735, Aubert, Pig-
not, and Villey, 921, Butkov, 955, Callendar, 925, Moureu,
Dufraisse, and Chaux, 946 and 947, and Layng and Youker, 1079).
The latter two groups of workers observed that the relative
effect of lead tetraethyl and substances such as diphenyl-
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amine on retarding slow oxidation and on knocking do not cor-
respond. The amine is much more effective in the case of
slow oxidation than in the engine.
The influence of antiknocks on ignition temperatures
has been disputed. The experiments of various authors (Orman-
dy and Craven, 376, Pignot, 921, etc.) have been negative.
Antiknocks had only a negligible influence on ignition tem-
peratures. But, very numerous experiments of Egerton and
Gates (423, 930, and 931, also Weerman, 949) showed that these
compounds have an influence, sometimes considerable, on rais-
ing ignition temperatures. They conclude that antiknocks
are negative catalysts whose action is to remove substances
which autocatalyze combustion. Schaad and Boord (1002) found
a similar lowering of the ignition point and attribute anti-
knock action to hindering combustion below the ignition point.
From these results on slow oxidation, it can be
seen that antiknocks do have some effect on the combustion
before inflammation, but this does not necessarily explain
their action in the engine cylinder. In case the theory
identifying knocking with detonation or a very similar form
of propagation is accepted, the observations on slow oxida-
tion are not of much aid in the interpretation of the mechan-
ism. Egerton and Gates (736) and Dumanois and Laffitte (773)
found that, while antiknocks have a slight effect of lowering
tihe rate of slow inflammation, the rate of detonation is the
same with or without the presence of the antiknock, nor is
the duration of slow Inflammation before detonation altered.
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These results might throw some doubt upon the detonation
hypothesis, but the experiments were conducted in tubes
under conditions far different from those in an engine. In
very recent papers, evidence has been presented which shows
a very rapid propagation slightly before the flame in the
engine cylinder has reached the walls, in the case of knock-
ing explosions, while when there is no knock, this rapid
flame does not occur. Furthermore, the addition of anti-
knock (lead tetraeth-yl) entirely suppressed this phenomenon
so that the propagation is similar to that with a non-knock-
ing fuel. Striking photographs of this action are shown by
Withrow and Boyd (1123), while spectrographic data of Withrow
and Rassweiler (1124) indicate the same effect.
A large number of theories have been advanced in
the attempt to explain the action of antiknock compounds.
An early one by Wendt and Grimm (899) suggested that the
function of the antiknock is to absorb electrons shot ahead
of the flame and to promote recombination of ions previous
to combustion, thus reducing the acceleration of the propa-
gation. Their attempts to reduce the rate by magnetic and
electrostatic fields, however, were unsuccessful and their
theory seems tobe unfounded.
The most satisfactory theories seem to be those
which postulate an anti-oxidation action. On the other hand,
some investigators (Sims and Mardles, 917, and Charch, Mack
and Boord, 908) have held the opinion that the lead compounds
act by providing pyroforic metallic particles to serve as
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centers ahead of the flame for a uniform combustion and
so prevent the ''sudden disruption of the molecule' which
they considered caused knocking. The presence of finely
divided lead in the cylinder was observed by Jolibois and
Normand (891) and this suggested the above interpretation.
Olin, Read and Goos (914) and Olin, and Jebens (1000) found,
however, that lead particles of colloidal dimensions have
no detectable effect on knocking. The position that com-
bustion centers ahead of the flame tend to prevent knocking
is completely at variance with the observation that a very
rapid inflammation through the gas is a characteristic fea-
ture of a knocking explosion.
Several more plausible theories are based upon the
opposite hypothesis that knocking is aided by such oxidation
centers and that antiknocks serve to destroy them. One of
the first of this type to be formulated was that of Callen-
dar (925) in connection with his nuclear drop theory. The
presence of antiknocks in the drops is supposed to prevent
the formation of peroxides. The nuclear drop theory lacks
experimental confirmation and does not take into considera-
tion the fact that engine temperatures are usually consider-
ably above the critical points of the fuels commonly used,
and also that knocking has been obtained with fuels that are
gaseous even at room temperature and below.
Another theory arrived at independently by Moureu,
Dufraisse and Zhaux (946) and by Dumanois (960), supposes
the.presence of peroxides in the gas phase which, by their
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explosion detonate the whole charge. These peroxides are
formed by autoxidation ahead of the flame and the antiknocks
act by hindering this autoxldation. The previously mentioneg.
diversity between the efficacy of antiknocks in slow combus-
tion and in the cylinder casts doubt upon this view. Moureu,
Dufraisse and Chaux explained the comparative ineffectiveness
of lead tetraethyl in low temperature oxidation as due to its
ready oxidation under those conditions. More likely, the
lack of effect should be attributed to difficulty of oxida-
tion, to the hydrocarbon molecules being oxidized possessing
too little energy to bring the sntiknock into reaction. From
the work of Charch, Mack and Boord (908) it is apparent that
the most effective metallic antiknocks, including lead tetra-
ethyl, are not readily oxidized by air.
Egerton and G-ates (423) proposed that antiknocks
act as chain-breakers on the set of reactions constituting
a reaction-chain. There would be in the first place forma-
tion in the midst of the gaseous mass of a peroxide of a high
degree of energy, by the direct union of a fuel molecule with
a molecule of activated oxygen. Following this would take
place a succession of chain reactions. The antiknock breaks
the chains by reacting on an intermediate activated molecule,
probably a peroxide. This peroxide and one formed from the
antiknock are mutually decomposed, with the formation of pro-
ducts having a lower degree of energy than the products coming
from a reaction between the peroxide of the fuel and an acti-
vated molecule, thus causing the arrest of the chain.
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Pope, Dykstra and Edgar (225) obtained results
indicating that the product attacked was an aldehyde rather
than the somewhat hypothetical peroxide.
It is possible to explain on the chain reaction
basis the difference in the action of antiknocks on slow
combustion and in the engine, according to Egloff, Schaad
and Lowry (210). The oxidations inhibited by antioxidants
normally proceed under nearly constant conditions of tempera-
ture and pressure, and when not inhibited proceed at a con-
stant rate. The amount of energy passed along a chain of mole-
cules may be considered as about constant. According to pres-
ent theory, this amount of energy, if transmitted, probably
by collision, to one or more molecules of an anti-oxidant is
sufficient to bring it into reaction. The oxidation of the
inhibitor dissipates energy and breaks the oxidation chain.
In the engine cylinder, the oxidation reaction oc-
curs at an accelerating rate and at constantly increasing
temperature. The energy passing along a reaction chain under
these conditions may be thought to increase continually in
amount. Suppose that in the early stages of combustion the
majority of molecules possess such low energy that collision
with a molecule of an antiknock, such as lead tetraethyl, has
no effect either to oxidize or to decompose it. The oxida-
tion reaction chain goes on unchecked. This is consistent
with the failure of knock suppressors to stop the autoxida-
tion of hydrocarbons at comparitively low temperatures.
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However, as oxidation goes on the temperature rises and the
molecules pass on more and more energy. If this process goes
on unchecked, the shock wave characteristic of knocking will
be produced. But before this occurs, a critical point is
reached at which sufficient energy is transmitted by a reac-
ting molecule to a molecule of antiknock to cause either its
dissociation or the oxidation of an already dissociated frag-
ment. The reaction chain is broken then, not at the start,
but when it has reached a certain high energy condition. Per-
haps only the molecules reacting in one of the steps in the
oxidation acquire enough energy to affect the antiknock, and
it is the checking of a part-reaction that prevents knocking.
Even when oxidation occurs below the ignition point,
some molecules may attain the critical energy state. By pick-
ing out these high energy chains, the knock suppressor, while
not greatly retarding low-temperature oxidation, would delay
inflammation. This view is in accord with the findings of
Egerton and Gates (930), eerman (949), and Berl, Heise and
Winnacker (165), that the action of knock suppressors raises
the ignition temperatures of hydrocarbons and their oxidation
products. An antiknock substance, on this basis, is an oxi-
dation inhibitor of special type. It does not greatly change
slow oxidation, but checks its undue acceleration.
This theory is completely general and, in the light
of present available knowledge, seems worthy of acceptance.
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Part Two
PHOTOGRAPHIC STUDY OF FLAME PROPAGATION
VI. Experimental Apparatus
Introduction
The experimental apparatus is comprised of three
main groups: the bomb or explosion vessel, the carburetor
or apparatus for the preparation of fuel-air mixtures, and
the camera or photographic apparatus. In the laboratory,
the bomb is mounted upon a small table between the carburetor
on one side and the camera on the other. This arrangement
is shown in the photographs following this page.
Explosion Vessel
The explosion vessel was designed to approximate
the conditions found in an internal combustion engine cylin-
der as closely as possible, while avoiding factors which are
functions merely of shape or mechanical requirements but
which impose complications upon the flame propagation. This
simplification is best accomplished by a spherical bomb with
central ignition. Figure I (following page 68) illustrates
the design and dimensions of the bomb constructed according
to this principle.
- I '
Photographs of the Exprimental A paratus
__________ 
IF I
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The bomb consists of two similar hemispheres,
prepared as follows. Two castings were made of ''semi-
steel' which is a type of cast iron possessing better fin-
ishing properties than the ordinary iron castings. These
were machined on the inside to give, when the two sections
are joined, a sphere of six inch inside diameter, with a
shell one-quarter inch in thickness. At the center of each
hemisphere there was machined out a raised, circular eleva-
tion, two and one-half inches in diameter and at the edges
one-half inch above the outer surface of the shell. This
provides horizontal, plane surfaces for clamping the halves
of the sphere together. The bomb rests upon a bar of mild
steel, nine inches long, three inches wide, and one inch
thick. Bolts of five-eighths inch diameter pass between this
bar and a similar one resting upon the bomb's upper flat sur-
face. These bolts also secure the bomb to the table top.
At the center of each bar there is bored a hole ole and one-
half inches in diameter, to give clearance to spark plug and
valve, respectively. The spark plug is tapped into the cen-
ter of the upper hemisphere, the valve into the lower.
In the preliminary design of the bomb, it was in-
tended to use a quartz or glass annular ring set into the
horizontal mid-circumference of the bomb as a window through
which to photograph the flame movement. This was later found
impracticable, and another form of window was devised. The
rim of each hemisphere was machined on the outside to give,
when the bomb is assembled, a cylindrical surface, one-half
cc t
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inch wide and inset one-sixteenth of an inch. The two
halves are fitted together with a male and female groove to
insure tightness. A slot one-sixteenth inch wide was out
at the juncture of the hemispheres for a length of about
one-third of the circumference. This is covered by a strip
of transparent cellophane which is held In place by a band
of cold-rolled steel, tightened by bolts passing through
angle sections at the ends. Cellophane is obtainable in a
wide range of thickness and it has been found that very thin
grades are amply strong to withstand the initial pressures
used in these experiments. Considerable trouble was encoun-
tered, however, in attempts to eliminate leakage around the
edges of the strip. It was found that this was prevented
most simply and s&tisfactorily by using cellophane of greater
thickness (0.0068 inch). At first, this was felt to be a
somewhat doubtful expedient because of the lower transparency
of this grade, but practically no difference could be noted
in the photographs due to the change in cellophane thickness.
The window withstood completely the force of explosions of
mixtures at one atmosphere initial pressure, but was burst
by many of those at two atmospheres and by all at three or
more atmospheres. The rupture of the cellophane was suffi-
ciently delayed in all cases until after the important por-
tion of the photographic record had been obtained. The only
disadvantage in having the cellophane break was the loss of
time needed to replace the window.
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To obtain temperatures higher than atmospheric,
the bomb was steam-jacketed. A spun copper hemisphere was
soldered to each half of the bomb at the central, raised
surface and at the edges of the window around the rim. In
preliminary experiments, using saturated steam at slightly
above atmospheric pressure, it was found that this rela-
tively small increase in the temperature of the bomb walls
resulted in only insignificant variations in the flame move-
ment. Heating was not used in the experiments reported in
this thesis.
For ignition, a standard spark plug is screwed
into the central tap in the upper half of the bomb, with the
electrodes extended to bring the spark gap to the center of
the explosion vessel. The orifice of the plug is closed by
a mica disc secured by lacquer. This was done to avoid dis-
tortion of the explosion flame through inequalities of ves-
sel shape. For a similar reason, the lower inch of each
electrode was reduced in diameter by etching with concentrated
nitric acid.
The port for admission of the explosive mixture
and exhaustion of the p-roducts of combustion is tapped into
the center of the lower hemisphere. A nipple, with a central
bore of only one-sixteenth inch, to make its effect on the
sphe re volume small, and reducing the outside diameter from
that of the bomb tap to one-eighth inch pipe thread, forms
the connection between the bomb and a one-eighth inch right-
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angle needle valve. Attached to the other side of this valve
is a tee connecti on to t wo calibrated Eourdon gages, one for
low pressures, reading from 30 inches vacuum to 30 pounds
pressure, and the other reading from 0 to 100 pounds pres-
sure. Beyond this gage connection, are connections to four
needle valves, one leading to the carburetor, the second to
a water vacuum pump, the third to a compressed-air tank used
as a means of testing the tightness of the bomb, and the
fourth not in regular use but available for any temporary
service. These connections are all made with seamless cooper
tubing and one-eighth inch brass pipe fittings.
Aparatus for the Preparation of Fuel-Air Mixtures
The carburetor is a system for vaporizing a meas-
ured amount of fuel with a measured amount of air and sup-
plying the mixture to the bomb. Figure II (following this
page) is a diagram of the arrangement of the various parts
of the system, not drawn to scale.
Atmospheric air is measured in three calibrated
vessels, so arranged with stopcocks that each is independent
of the others. The air is drawn in by draining water from
each vessel in turn to a thirteen liter aspirator bottle
below the apparatus, and is forced out by applying ten pounds
per square inch pressure at the mouth of the bottle. The
first measuring vessel is a copper cylinder with conical ends
designed to furnish a fixed volume of air (8830 cc.). The
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second and third vessels are cylindrical glass burettes
(volume of II = 1870 cc., volume of III = 2000 cc.) . These
burettes are calibrated to a meter-stick scale having divi-
sions of 2 mm., their diameters being such that each centi-
meter on the scale corresponds to an average volume of 31.3
cc. in cylinder II or 33.6 cc. in cylinder III. These aver-
ages were not used in the experiments, slight irregularities
in cylinder diameter making necessary the use of the calibra-
tion tables in each case (See Appendix III, page 109). The
total measurable air volume with the three vessels is 12,700
cc. The volume of air used for each mixture was corrected
for temperature and water wapor.
The liquid fuel to be used in each mixture is meas-
ured in a calibrated fQur bulb burette attached to the vapor-
izer, the volume obtained by using: one, two, three or four
bulbs, respectively, being 0.3957 cc., 0.8312 cc., 1.2089 cc.,
and 1.4394 cc. A wide range of definite mixture strengths
can thus be made.
The fuel is drawn into the measuring bulbs from a
small funnel reservoir; after measurement a three-way stop-
cock is reversed and the fuel dropped to the bottom of a
small vaporizer bulb. The measured air is bubbled slowly
through the fuel, vaporizing it completely. The vaporizing
temperature is kept at about that of the room by means of a
small electric heater below the bulb.
The vaporized mixture is collected over saturated
sodium chloride solution in a thirteen liter aspirator bot-
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tle, protected by a boiler-plate shield. The level of this
solution is loviered by gravity and raised by air pressure,
as in the case of the air measuring vessels. Up to this
point in the apparatus, the connections are of glass, care
having been taken to eliminate rubber, in order to avoid
possible loss of hydrocarbons.
The next step is the compression of the mixture
to the pressure desired in the bomb. In the early experi-
ments, this was done with a hand pump, but this introduced
valve trouble, leaks, and poor mixing. These difficulties
were eliminated by the use of a five gallon steel boiler
as a mixing and compression chamber. The vaporized charge
is transferred from the glass collecting bottle to the steel
tank:, where it is held over a saturated sodium chloride so-
lution containing sodium chromate as a corrosion inhibitor.
The charge is finally compressed into the bomb by compressed
air actin2 on the solution in another steel tank connected
with the mixing tank in a manner similar to that used in the
cases of the aspirator bottles. From the line between the
two mixing vessels to the bomb, all connections are seamless
copper tubing with one-eighth Inch brass valves and fittings.
Photographic Apparatus
The photographic apparatus is of the type usual
for flame propagation study, consisting of a film drum
revolved at high speed, upon which is recorded a slit image
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of the flame in the bomb, together with a time record from
a tuning fork arrangement (see Figure III, following).
The drum, four inches in diameter, is rotated by
a speed-reducing belt and shafting drive from an electric
motor. By use of appropriate pulleys, a wide variation of
druM speeds is available, but for the relatively slow flame
movements of the mixtures studied in this thesis, a rate of
approximately 120 R. P. M. was found most satisfactory. The
drum shaft is slotted to permit the drum to be moved into
several positions so that three photographs can be obtained
on each film, five and one-half inches wide. Eastman Super
Speed cut portrait film was used.
As the drum revolves, it receives through a slit
the image of the explosion flame, the image broadening as
the flame progresses towards the walls of the bomb. The
picture produced is in the form of a wedge, the initial spark
at the point or apex, and the rate of divergence of the sides
being relative to the velocity of the flame movement. The
true velocity is given by the accompanying time record which
appears at the side of the flame picture. The bomb, as de-
scribed previously, contains a window slot around one-third
of its circumference. The camera is focussed on the bomb so
that a vievi is obtained of the spark and the space between
the spark and one wall of the bomb, and of a portion of the
space be tween the spark and the other wall. Thus, the flame
picture is limited at the latter side by the end of the win-
dow. Two supporting pegs in the slot cause horizontal blank
stre-aks in the photographs.
"71
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The source of light for the time record is an in-
candescent lamp giving a concentrated beam which is focussed
by a lens on parallel vanes attached to the prongs of a tun-
ing fork. When the fork is in the position of rest, the vanes
cut off the beam, while with the fork vibrating, the movement
of the vanes alternately exposes and cuts off the beam, which,
after passing through a fine slit, produces a succession of
short lines on the rotating film. These time marks appear
with a frequency twice that of the tuning fork. An automatic
shutter permits the time record to appear only during one re-
volution of the drum, during which the explosion occurs.
In the early experiments, the photographs obtained
were faint and indefinite and considerable time was spent in
attempts to improve the results. After several available
lenses had been tried, it was decided to have one made with
satisfactory characteristics. For the type of image under
consideration, it was deemed advisable to make some sacri-
fice in correction in order to have the least possible thick-
ness of glass, to reduce light absorption in the lens. At
the same time, a focal ratio of 2 or better was necessary.
Alvan Clark and Sons, of Cambridge, constructed a lens embody-
ing these points; it being a simple achromatic doublet with
the two parts cemented together. The focal ratio of the lens
is f/1.75, with a focal length of 3.7 inches. The use of this
lens simplified the photographic problem so that from the time
of its installation little attention was required by that
phase of the -rQrk.
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The electrical system of the photographic appara-
tus is shown diagrammatically in Figure IV, following this
page . There are six circuits in all, two each operating
from 110 volt direct current, two from 110 volt alternating
current, and two from a storage battery.
The system can be described most easily in the
course of an outline of the routine operations gone through
in taking an exposure with the camera. A double-pole switch
controls both the direct and alternating current mains. When
this and the knife switches for each individual circuit are
closed, the 110 volt alternating current motor driving the
film drum is set in motion, the time record lamp is lighted
on 4 volts (reduced from 110 volts by a toy transformer),
and the two direct current circuits for the main shutter
solenoid and the time shutter electro-manet, respectively,
are in readiness for the release at the proper time of the
special switches controlling them. The next step is to start
the tuning fork vibrator, run on a 2 volt circuit from one
cell of the storage battery. The 6 volt spark coil circuit
is also closed, since the igniting spark is obtained by the
breaking of this circuit by means of an automatic circuit-
breaker (1) shown at the topo center of Figure IV. Circuit-
breaker (2) on the main shutter solenoid line is also placed
in the closed position, while the time shutter magnet line is
open at the spiral contact on the drum shaft. All is now in
readiness for the exposure. Me anwhile, the bomb has been
charged to the desired pressure and the inlet valve closed.
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The picture is taken by means of a single manual
act; the closing of the snap switch in the main shutter
solenoid circuit (top right of Figure IV). Closing this
circuit opens the main shutter and simultaneously initiates
a train of other events. The motion of the shutter solenoid
is connected by a cord to the release of a catch that up to
this moment has been restraining a small arm from contact
with the spiral mounted on the drum shaft. Now this contact
has been completed and is maintained for only one revolution
of the drum, thus opening the time shutter for that length
of time. The rotating motion of the drum is translated to
a horizontal motion of the arm contacting with the spiral.
This opens at the correct intervals the circuit-breakers
previously mentioned. The spark circuit-breaker (1) consists
of a small, pivoted arm held in contact with a block by means
of another arm moving in a horizontal plane. The circuit is
broken when this latter arm is shoved aside the the push rod
operated by the spiral. Breaking this circuit causes the
igniting spark in the bomb and it must be done sharply and
at the correct instant, in synchronization with both the main
and tIme shutters. The final event is the closing of the
main shutter by the operatIo;n 2o circut-breaher (2), Nhich
is also pushed open by the rod In connection with the spiral.
FromrI the time of closing the snap switch, the exposure is
taken as described in one second or less.
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The break-spark ignition system described is the
present arrangement, but it was used for only the last few
photographs taken, after it had been decided to determine
what diifference could be noted in the results between single
spark ignition and the succession of sparks from a vibrator
which was used previously. Mhen the vibrator was used in
place of the circuit-breaker, the spark coil circuit was
synchronized with the shutters by means of the core of the
time shutter magnet. Ihen the time shutter was drawn down,
the spark circuit was thus closed. This arrangement is not
shown in Figure IV.
VII. Flame Propagation Data
The data obtained with the photographic appa-
ratus are presented in three forms. Appendix I contains
tables of mixture preparation data and film measurements.
In this present section the data are presented graphically,
followed by prints of representative flame photographs of
theoretical and enriched mixtures (1330/o of theoretical
fuel = 750/o of theoretical air) at one, two, and three
atmospheres initial pressure. The fuels used are benzene,
normal heptane, and a mixture 950/o heptane, by volume, and
50/o butyl nitrite.
The first eight graphs show the variation of the
rate of propagation with volume per cent of fuel in the
gaseous mixture. These curves are then combined on one
plot. The propagation rates are also compared on the bases
of per cent of theoretical air and per cent of theoretical
fuel in the mixtures.
The flame propagation rates reported here have
been measured directly from the photographic negatives and
represent the slope of a straight line drawn from the ignit-
ing spark to the point where the flame meets the bomb walls.
Additional graphs show the per cent of the time
of travel from spark to wall that has elapsed before reil-
lumination (brightening of the flame image) begins at the
center of the bomb.
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The flame photographs are placed so that the ignit-
ing spark appears toward the bottom of the page, the time
axis is vertical, with the time scale at the left of the
picture. The two blank bands parallel with the time axis
represent strengthening supports in the bomb slit and have
no other significance.
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Flame Propagation Photographs
1. 1000/0
1330/o
2. 1000/o
1330/o
3. 1330/o
1540/o
4. 1000/o
1330/o
5. 1000/0
1330/0
6. 1000/0
1330/o
7. 1000/o
1330/o
8. 1000/0
Th.
Th.
Th.
Th.
Th.
Th.
Th.
Th.
Th.
Th.
Th.
Th.
Th.
Th.
Th.
Benzene,
Benzene,
Benzene,
Benzene,
Benzene,
Benzene,
Benzene,
Benzene,
Heptane,
Heptane,
Heptane,
Heptane,
Heptane,
Heptane,
'H .B. N.
atm.,
atm.,
atm.,
atm.,
atm.,
atm.,
atm.,
atm.,
atm.,
atm.,
atm.,
atm.,
atm.,
atm.,
atm.,
Run 5, Film 142 C.
Run 10,
Run 19,
Run 24,
Single
Run 27,
Run 28,
Run 30,
Run 31,
Run 37,
Run 44,
Run 53,
Run 58,
Run 64,
Run 66,
Run 78,
S
Film 128 A.
Film 157 A.
Film 135 B.
park Ignition,
Film 170 B.
Film 133 A.
Film 142 A.
Film 141 A.
Film 146 A.
Film 143 A.
Film 153 B.
Film 162 A.
Film 155 B.
Film 156 B.
Film 167 A.
'H.B.N.! 3 atm., Run 82,1330/o Th. Film 168 0 .
Flame Propagation Photographs
1000/o Th. Benzene
1 atm.
Run 5, Film 142 0
1330/o Th. Benzene
1 atm.
Run 10, Film 128 A
Flame Propagation Photographs
1000/o Th. Benzene
2 atm.
Run 19, Film 157 A
1330/o Th. Benzene
2 atm.
Run 24, Film 135 B
Flame Propagation Photographs
1330/0 Th. Benzene
2 atm..
Single Spark Ign.
Run 27, Film 170 B
1540/0 Th. Benzene
2 atm.
Run 28, Film 133 A
Flame Propagation Photographs
1000/o Th. Benzene
3 atm.
Run 30, Film 142 A
1330/0 Th. Benzene
3 atm.
Run 31, Film 141 A
10010/0 Th. Heptane
1 atm.
Run 37, Film 146 A
1330/o Th. Heptane
1 atm.
Run 44, Film 143 A
Flame Propagation Photographs
Flame Propagation Photographs
1000/o Th. Heptane
2 atm.
Run 53, Film 153 B
1330/o Th. Heptane
2 atm.
Run 58, Film 162 A
Flame Propagation Photographs
1000/o Th. Heptane
3 atm.
Run 64, Film 155 B
1330/o Th. Heptane
3 atm.
Run 66, Film 156 B
Flame Prohagation Photographs
1000/0 Th. #H.B.N.'
3 atm.
Run 78, Film 167 A
1330/o Th. 'H.B.N.'
3 atm.
Run 82, Film 168 0
'H.B.N.' is 950/o Heptane, 5*/o Butyl Nitrite by volume
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VIII. Correlation of Propagation Rate
with Heat of Combustion
Early in the experimental work for this thesis,
it was noticed that, under certain conditions of mixture
composition and initial pressure, an area of intense il-
lumination sometimes occurred about the center of the bomb,
Just prior to the moment the flame reached the walls. This
bright illumination continued for a short time, enlarging
somewhat, forming a distinct streak brighter than the sur-
rounding flame. In a few cases, this phenomenon seemed
to form the nucleus for a very rapid wave of propagation,
showing on the photograph as a band extending across the
whole width of the bomb, perpendicular to the time axis,
which means a practically instantaneous propagation. With
the slow drum speeds used, a detonation wave would appear
like this. Note the photograph from Run 28, Film 133 A,
in the preceding section of this thesis.
It was decided to determine the conditions under
which this intense illumination or ''bright spot'' might
occur and explain it, if possible. First, it was necessary
to eliminate the possibility that it was simply the result
of a residual spark. For this purpose, the apparatus was
equipped with a new ignition system of the single spark type,
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which has been described in the section on the experimental
apparatus. Several photographs were taken with this altered
ignition method, and the bright spot appeared the same as
before. An example has been presented in the photograph
from Run 27, Film 170 B.
As photographs of various mixtures accumulated,
it became evident that the probability of the occurrence of
this intense illumination was greatest in certain mixtures
richer than the theoretical proportions, namely 75 per cent
of theoretical air or 133 per cent of theoretical fuel.
Also, the chance of producing a bright spot was greater with
increased pressure. It was shown in a greater range of com-
position with benzene than with heptane, while the addition
of butyl nitrite, a knock inducer, did not result in any
perceptable difference.
These data led to the supposition that the bright
spot probably occurs only above some definite energy level,
although in a border region it would possibly not be pro-
duced every time and would likely vary in intensity. In the
endeavor to demonstrate this connection between energy and
the bright spot, the heat energy theoretically produced
during the combustion of the various mixtures was computed.
Flame propagation depends largely upon the conduction of
heat from layer to layer of the gas mixture, and the rate
of flame propagation depends similarly upon the temperature of
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Correlation of Prooaaation
In.Pr. 0/o Th.
atm. Fuel
Benzene
1 87
100
117
133
154
87
100
117
133
154
100
133
Sec.
.1180
.0951
.0656
.0680
.0990
.1390
.0995
.0709
.0777
.0725
.0938
.0676
.1640
.1024
.0800
-0783
.1003
.1772
.1220
.0860
.0767
.0850
.1145
2
3
He p tane
1
2
3
Theor.
T. 03.
2290
2400
2520
2490
2300
2360
2510
2630
2600
2490
2600
2670
2040
2290
2330
2300
2150
2170
2360
2450
2400
2270
2450
87
100
117
133
154
87
100
117
133
154
100
133
Rate with Heat of Combustion
React. Rad. R -
Cal. Cal.
1696
1806
1823
1800
1711
1690
1786
1803
1797
1713
1768
1799
1703
1834
1839
1761
1645
1689
1839
1838
1759
1642
1823
548
540
430
412
454
490
438
325
308
282
338
255
711
584
508
424
400
583
528
408
320
279
424
R
Cal.
+ 500
1648
1766
1893
1888
1757
1700
1848
1978
1989
1931
1930
2044
1492
1750
1831
1837
1745
1602
1811
1930
1939
1863
1899
Calc.
Rate
2.11
2.63
3.79
3.66
2.56
1.81
2.46
3.64
3.74
3.21
2.60
3.64
1.51
2.49
3.23
3.29
2.45
1.43
2.13
3.20
3.29
2.60
2.32
Ob s.
Rate
2.12
2.63
3.81
3.68
2.53
1.80
2.51
3.53
3.69
3.45
2.66
3.70
1.52
2.44
3.12
3.19
2.49
1.41
2.05
2.91
3*26
2.94
2.18
.0755 2490 1757 244 2017 3-40 3.31
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combustion. (See page 38 of this thesis, Mallard and L
Chatelier (545), Mason and Wheeler (642 and 661), Coward
and Jones (733 A).)
When the computed heats of combustion were plotted
against the observed flame propagation rates, it was found
that straight lines could be drawn through the points, with
a change of slope occurring at the theoretical mixture. The
plot following this page shows that, while benzene and hep-
tane points fall on the same line , there is a separate line
for each initial pressure.
When the heats of combustion, computed as shown
in Appendix III, are plotted against per cent of theoretical
fuel (plot following this page), it is seen that, in general,
the bright spot occurs only above a certain heat of combustion.
The two cases which do not follow the generalization are those
for 100 per cent heptane at 3 atmospheres, which does not
show the bright spot when it might have been expected, and
the 87 per cent of theoretical benzene at 2 atmospheres, in
one instance showing a bright spot, when it was unexpected.
Details of the computations will be found in Appen-
dix III, but a summary is given here. Equilibrium composi-
tions of the products of each type of mixture were first
calculated according to the water-gas reaction with an as-
sumed equilibrium constant of 0.2, which is approximately
that for flame temperature. The rest of the computation was
IQl-
No
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by successive approximations, with theoretical flame tempera-
ture selected and a heat balance constructed. Several fac-
tors change with temperature. In the first place, more exact
equilibrium constants were used for the dissociation reac-
tions and product compositions calculated. Heats of reaction,
sensible heats, and radiation losses were computed correspond-
ing to these conditions. The radiation was computed accord-
ing to the method for non-luminous flames, described by
Haslam and Hottel, First National Meeting of the A. S. M. E.
Fuels Division, 1927 (see Appendix III for sample computation).
These values appropriate for non-luminous flames were then
multiplied by two, to allow in an approximate way for the
greater radiation from luminous flames. Another term was
introduced to allow for the sensible heat present in the
initial mixture before combustion. While the ignition tem-
perature varies somewhat in the range of composition and
pressure of these experiments, 7000 Centigrade is a suf-
ficiently close approximation.
The heat values plotted in the graphs preceding
this page represent the net sensible heat of the burning
or just burned gas, which is equivalent to: Heat of Com-
bustion - Radiation + Sensible Heat of Unburned Gas at the
moment of ignition.
For a discussion of this correlation, see the
next section of the thesis, page 89.
Now
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IX. Discussion of Results
Plots of Flame Propagation Rates
The rates of flame propagation measured on the
original photographic negatives are shown on the separate
plots for each condition of initial pressure of the three
fuels. The points show that the reproducibility of these
rates is satisfactory. The combined plots illustrate the
fact that the curves are all of the same general shape and
that for both benzene and heptane the three curves inter-
sect each other at very nearly the same point, with a mix-
ture composition of about 130 per cent of theoretical fuel.
No determinations were made at 3 atmospheres for the rich
mixtures at 154 per cent of theoretical fuel (65 per cent
of theoretical air), because condensation of the fuel would
introduce inaccuracy. Those at 2 atmospheres with these
rich mixtures are slightly in error for that reason. In
addition, this composition represents very nearly the limit
mixture of ignition for the fuels used. (See Appendix II.)
Beyond 87 per cent of theoretical fuel, the light intensity
is so low that it is impossible to measure rates with any
precision. The fact that the addition of butyl nitrite to
heptane results in lower rates is due probably to the lower
heat of combustion of the nitrite than that of the heptane
it replaces.
Plots of Reillumination
The reillumination plotted here is not the local-
.. .. .... 0-
-~ - -~
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ized bright spot, but is the general brightening of the
flame that commences at the center of the bomb and spreads
throughout the mixture. This occurs in every case and has
been interpreted by Kirkby (1087) as due to a recombination
of ions, brought about by increasing pressure. This inter-
pretation has been supported by the present work, since the
reillumination begins earliest in the mixtures computed to
have the highest flame temperatures, and there is a general
correspondence between the time reillumination starts and
the temperature, also, therefore, the pressure.
Flame Propagation Photographs
The flame photographs are placed so that the
igniting spark is toward the bottom of the page, with the
time axis extending vertically. The two dark bands, paral-
lel with the time axis, were caused by the obstruction of
the image by two reinforcing pieces in the bomb window,
and have no other significance. The 3 atmosphere pictures
have abbreviated lengths because the bursting of the cello-
phane window releases the gases a short time after the flame
reached the walls. The time scale is equal to 0.0656 seconds
per inch.
The bright spot phenomenon does not show up well
in the prints, being covered up in the general brightness,
while on the negatives it is quite distinct. Note the photo-
graph for Run 28, Film 133 A, 154 per cent of theoretical
benzene, 2 atmospheres initial pressure. This shows the
nearest approach to detonation which was observed; an intense
wave of flame, practically perpendicular to the time axis,
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that apparently was initiated by the bright spot. The latter
may be a preliminary to detonation, which is difficult to
start in a bomb as small as this one.
Correlation of Rates with Heats of Combustion
In 1883, Mallard and Le Chatelier (see Bib. 545)
presented a theoretical basis for correlating the rate of
normal flame travel with the ratio T(comb.) - t(ign.)
tign.) - i(initial)
This correlation was based upon the assumption
that the layer of gas that is actually burning is at a
higher temperature (T') than it would attain if it burned
without previous heating to its ignition temperature. Others
who have accepted this viewpoint include Michelson (558) and
Mache (590 and 688).
In 1904, Haber and Richardt (Z. anorg. Chem.,
38, 5 (1904) as the result of Bunsen flame temperature meas-
urements, concluded that it is impossible for the burning
layer to attain a higher temperature than it would if it
were heated merely by its own heat of reaction. In other
words that unburned gas may be preheated at the expense of
the burned gas but not at that of the burning gas. Mason
and Wheeler concur in this opinion (642).
Considerable difference of opinion exists as to
which point of view is correct. The writer found that a
satisfactory correlation was obtained when both preheat and
radiation loss were considered, while when either or both
were omitted no correlation was found.
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The three following plots are introduced to
illustrate preliminary trials to find a base for the
correlation of rate of flame propagation and the heat
developed during the propagation. None of these was
as successful as the one finally chosen.
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X. Conclusions
The results of this thesis have demonstrated that
the apparatus used is satisfactory for obtaining valid and
reproducible data in the range of initial pressures up to
and including 3 atmospheres absolute pressure. It would be
of interest to continue the work with a bomb of larger vol-
ume and suitable for experiments at higher pressures, with
especial attention to the bright spot phenomenon and its
relation to detonation.
The special object of this thesis was the study
of the phenomena following the flame travel, behind the
flame front, and their relation to detonation. An area of
intense illumination, termed a ''bright spot'I occurred
under certain conditions of composition and pressure at the
center of the bomb a short time before the flame front reached
the walls of the bomb. In a few cases where this was most
pronounced, a rapid propagation similar to detonation fol-
lowed. Apparently this phenomenon indicated high energy con-
tent in the flame, approaching detonation conditions.
Theoretical heat contents were computed for the
various mixture compositions, which show good correlation
with the observed rates of flame propagation.
It was found that, with the exception of two cases,
the bright spot occurred only under conditions of composition
and pressure corresponding to heat contents higher than a
definite value.
-~ - 1
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This is considered an indication that the bright
spot is definitely associated with a high energy condition
and may well be a preliminary stage to the initiation of
detonation.
An outline is suggested for the reactions going on
in the explosion flame, in accord with present knowledge of
the subject.
Once the initial volume of gas has been heated to
the ignition point by the spark, propagation continues at a
rate determined by the net heat developed in the combustion.
The mechanism is a series of reactions of the chain type.
The chemical stages in the oxidation are uncertain, but the
first step is probably direct oxidation to unstable peroxides,
which decompose to aldehydes and ultimately to carbon dioxide,
carbon monoxide, water, and hydrogen. This whole series of
reactions is completed in an extremely short time and, at the
high flame temperatures attained, there is considerable dis-
sociation of both carbon dioxide and water vapor, the degree
varying with pressure and mixture composition. As the flame
proceeds, the pressure increases, resulting in reassociation
and increased luminosity of the flame, reaching a maximum at
about the time the flame reaches the walls of the bomb. Mean-
while, beat is being lost by radiation, lowering the tempera-
ture and causing changes in the equilibria. The flame even-
tually is cooled to a temperature at which it is no longer
luminous.
6 jAN
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Appendix One
Flame Propagation Data
The following pages contain tables of data con-
cerning the preparation of fuel-air mixtures and the meas-
urements of eighty-two flame propagation photographs. The
range of conditions is as follows:
Benzene, 1 atm., 87, 100, 117, 133, 1540/o th. fuel.
2 atm., the same compositions.
3 atm., 100 and 1330/o theoretical fuel.
Heptane, 1 atm., 87, 100, 117, 133, 1540/o.
2 atm., the same compositions.
3 atm., 100 and 1330/o.
'H.B.N.' (950/o Heptane, 50/o Butyl Nitrite)
1 atm., 100, 117 and 1330/o.
3 atm., 100 and 1330/0.
In explanation of the film measurements, it should
be pointed out that the terms ''Travel, in.'' etc. refer to
inches along the time axis of the film, starting from the
igniting spark. This measurement is converted into seconds
by multiplying by 0.0656 seconds per inch. The distance
traveled during this time is the radius of the bomb, 0.25 ft.
The rate in feet per second is then equal to 0.25/ seconds
of travel. GS43
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Flame Propagation Data
Run Number 1 2 3
Fuel: Benzene
87 100 100
Vol.0/0
Grams
Cu. cm.
Air: 0/o Th.
Grams
2.37 2.71 2.71 2.71 2.71 2.71
0.73 1.05 1.05 1.05 1.05 1.05
0.83 1.21 1.21 1.21 1.21 1.21
115 100 100 100 100 100
11.1 13.9 13.9 13.9 13.9 13.9
Temp.*C. 25.5 26 26 26 27.5 24.5
Cu. cm. 9,700 12,250 12,250 12,250 12,300 12,200
Initial Atm. Pr. 1 1 1 1 1
Film Number
Measurement:
Travel, in.
sec.
Rate, ft./sec.
Reillum., in.
of Travel
Duration, in.
131 0 130 A 130 B 130 C 142 C 157 0
1.80 1.42 1.43 1.45 1.45 1.50
.1180 .0932 .0938 .0950 .0950 .0985
2.12 2.68 2.66 2.63 2.63 2.54
1.5 0.9 1.0
83 63 70
7.0 6.8
see. .460 .446
6.3
1.0 1.1
69 76
6.0
.413 .394
6.0
.394
1.1
73
8.1
.532
no no no no no no
O/o Th.
4 5 6
100 100
1
0/0
'Bright spot'
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Flame Propagation Data
Run Numbe r
Fuel*. Benzene
O/o Th.
7
117
8
117
9
117 133
11 12
133 133
Vol. 0/o
Grams
cu. cm.
_.17 3.17 3.17
1.25 1.25 1.25
1.44 1.44 1.44
3.59 3.59 3.59
1.25 1.25 1.25
1.44 1.44 1.44
Air: O/o Th. 85 85 85 75 75
14.1 14.1 14.1 12.5 12.5 12.5
Temp.00. 25 25 25 24.5 25 27.5
Cu. cm. 12,400 12,400
Initial Atm. Pr. 1 1
12,400 10,900 10,950 11,100
1 1 1
Film Number
Me asurement:
Travel, in.
129 A 129 B 129 0 128 A 134 B
1.00 1.00 1.00 1.04 1.07
sec. .0656 .0656 .0656
Rate, ft./sec. 3.81
Reillum., in.
*/o of Travel
3.81 3.81
0.65 0.7 0.7
65 70 70
141 0
1.00
.0682 .0702 .0656
3.67 3.56 3.81
0-8 0.65 0.65
77 61 65
Duration,
.420 .426 .394 .426 .440 .492
ye sno yes no no ye s
Grams
75
in. 6.3 6.5
sec.
6.0 6.5 6.7 7.5
'Bright Spot'
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Flame Propagation Data
Run Numbe r 13 14 15 16 17 18
Fuel: Benzene
0/0 Th. 154
Vol. O/o 4.17
Grams
Cu. cm.
154 154
4.17 4.17
1.25 1.25 1.25
1.44 1.44 1.44
87 87 87
2.37 2.37 2.37
0.73 0.73 0.73
0.83 0.83 0.83
Air: 0/o Th. 65 65 65 115
Grams
Temp. 0C.
10.8 10.8 10.8
28 28 28
cu. cm. 9,700 9,700 9,700
11.1 11.1 11.1
24 24 24
9,600 9,600 9,600
Initial Atm. Pr. 1
Film Number 127
1 1 2 2 2
A 127 B 127 0 138 A 138 B 138 0
Measurement:
Travel, in. 1.43 1.55 1.55
sec. .0938 .1016 .1016
Rate, ft./sec.
Reillum., in.
0/o of Travel
2.66 2.46 2.46
1.2 1.2
77 77 77
2.14 2.12 2.10
.140 .139 .138
1.79 1.80 1.81
1.7 1.5 1.5
79 71 71
Duration, in. 6.8 5.5
sec. .446 .361 .262
6.1 6.0
.400 .394
no no no
115 115
7.0
.460
'Bright Spott no ye s no
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Flame Propagation Data
Run Number 19 20 21 22 23 24
Fuel: Benzene
o/o Th. 100 100 117 117 133
Vol. I/o
Grams
Cu. cm.
Air: /o Th.
2.71 2.71 3.17 3.17 3.59 3.59
1.05 1.05 1.25 1.25 1.25 1.25
1.21 1.21 1.44 1.44 1.44 1.44
100 100 85 85 75 75
13.9 13.9 14.1 14.1 12.5 12.5
Temp *0 C. 24.5 24.5 26 26 25 25
Cu. cm. 12,200 12,200 12,500
Initial Atm. Pr. 2 2 2
12,500 10,950 10,950
2 2 2
Film Number
Measurement:
157 A 157 B 136 A 136 B 135 A 135 B
Travel, in. 1.52
see. .0995
Rate, ft./sec. 2.51
Reillum., in. 1.05
0/0 of Travel 69
Duration, in. 7.1
sec. .466
1.52 1.10 1.06 1.06 1.04
.0995 .0722 .0695 -0695 .0682
2.51 3.46 3.60 3.60 3.67
1.05 0.7
69 64
8.0 5.4
0.7 0.65 0.65
66 61 62
7.3
.525 .354 .479
5.3
.348
6.2
.407
yes yes yes
133
Grams
no ye s ye s'Bright Spot'
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Flame Propagation Data
Run Number
Fuel: Benzene
O/o Th.
Vol. o/o
Grams
25 26 27 28 29 30
133
3.59
133 133 154 154 100
3.59 3.59 4.17 4.17 2.71
1.25 1.25 1.25 1.25 1.25 1.05
Cu. cm. 1.44 1.44 1.44 1.44 1.44 1.21
Air: */0 Th.
Grams
Temp.0C.
75 75 75 65 65 100
12.5 12.5 12.5 10.8 10.8 13.9
24 22.5 22.5 26.5 26.5 27.5
Cu. cm.
Initial Atm. Pr.
10,850 10,800 10,800
2 2 2
9,600 9,600 12,300
2 2 3
Film Number
Measurement:
Travel, in.
169 B 170 A 170 B 133 A 133 B 142 A
1.03 1.00 1.04 1.13 1.08 1.43
see. .0675 .0656 .0682 .0742 .0709 .0938
Rate, ft./sec.
Reillum., in.
O/o of Travel
3.70 3.81 3.67 3.37 3.53 2.66
0.87 0.87 0.90 0.7
84.5 87 86.5
0.7 0.9
62 65 63
Duration, in 8.5 7.5
sec. .557 .492
'Bright Spot' ye s ye s
7-0
-459
ye s
6.5 6.6
.426 .433
ye s no yes
Single spark ignition used in runs 25,
.197
26, and 27.0
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Flame Propagation Data
Run Number
Fuel: Benzene
*/o Th.
Vol. 0/0
Grams
Cu. cm.
31 32 33
Heptane
133
3.59
1.25
1.44
133
3.59
1.25
1.44
87 87
1.61 1.61
0.82 0.82
1.21 1.21
34 35 36
87
1.61
0.82
1.21
100
1.86
0.82
1.21
Air: O/o Th.
Grams
Temp . 0C.
Cu. cm.
Initial Atm. P
Film Number
Measurement:
Travel, in.
sec.
Rate, ft./sec.
Reillum., in.
0/o of Travel
Duration, in.
sec.
'Bright Spot'
141 A 141 B 147 A 147 B 147 0 155 0
1.03
.0676
3.70
0.65
63
3.0
.197
ye s
1.03
.0676
3.70
0.6
58
2.1
.138
ye s
2.5
.164
1.52
7.5
.492
no
2.5
.164
1.52
7.5
.492
2.
.16
1.0
7.
.49
no no
5 1.45
4 .0952
52 2.62
1.1
74
5 6.0
2 .394
no
75
12.5
27.5
11,100
. 3
75
12.5
27.5
11,100
3
115
14.3
23.5
12,400
1
115
14.3
23.5
12,400
1r
115
14.3
23.5
12,400
1
100
12.4
26.5
11,000
1
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Run Number
Flame Propagation Data
37 38 39 40 41 42
Fuel: Heptane
0/0 Th.
Vol. 0/0
Grams
1.86 1.86 1.86 1.86 2.18 2.18
0.98 0.98 0.98 0.82 0.98 0.98
Cu. cm. 1.44 1.44 1.44 1.21 1.44 1.44
Air: 0/0 Th.
Grams
100 100 100 100 85 85
14.8 14.8 14.8 12.4 12.6 12.6
Temp.0 C. 23 23 23 26.5 23 23
Cu. cm. 12,800 12,800 12,800 11,000 10,900 10,900
Initial Atm.
Film Number
Measurement:
Travel, in.
Pr. 1 1 1 1 1 1
146 A 146 B 146 0 153 0 145 A 145 B
1.65 1.58 1.60 1.55 1.20 1.21
see. .1083 .1036 .1050 .1017 .0787 .0794
Rate, ft./sec.
Reillum., in.,
0/o of Travel
Duration, In.
2.31 2.42 2.38 2.46 3.18 3.15
1.2
73 70
7.0 7.0
1.2 1.2 0.75 0.8
75 77 63 66
6.5 5.5 7.0 6.5
sec. .460 .460 .426 .361 .460 .426
no no no no no no
100 100 100 117 117
...... 
'Bright Spot'
Run Number
Fuel: Heptane
O/o Th.
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Flame Propagation Data
43 44 45 46
117 133 133 133
47 48
133
Vol. /o 2.18
Grams
2.47 2.47 2.47 2.47 2.85
0.98 0.98 0.98 0.98 0.98 1.24
Cu. Cm. 1.44 1.44 1.44 1.44 1.44 1.84
Air: */o Th.
Grams
85 75
12.6 11.1
75 75 75 65
11.1 11.1 11.1 12.3
Temp 0C.
Cu
Initial Atm.
Film Number
Measurement
Travel, in.
23 23 23 23 25.5 24
10,900 9,600 9,600 9,600 9,750 10,700
Pr. 1 1 1 1 1 1
145 0 143 A 143 B 143 0 156 0 158 B
1.25 1.25 1.20 1.18 1.15 1.55
see. .0820 .0820 .0787 .0774 .0755 .1015
Rate, ft./sec.
Reillum., in.
0/0 of Travel
Duration, in.
3.05 3.05 3.18 3.21 3.31 2.46
0.85 0.8 0.85 0.8 0.75 1.3
68 64 71 68 65 84
7.5
sec. .361 .492
6.5
.426
6.5 6.0
.426 .394
no yes no no
154
4.1
.269
eo.
'Bright Spot' no no
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Flame Propagation Data
Run Numbe r 49 50 51 52 53 54
Fuel: Heptane
*/o Th.
Vol. */o
Grams
154
2.85
154 87 100 100 117
2.85 1.61 1.36 1.86 2.18
1.24 1.24 0.82 0.98 0.82 0.98
Cu. cm. 1.84 1.84 1.21 1.44 1.21 1.44
Air: 0/0 Th
Grams
Temp.0 C.
65 65 115
12.3 12.3 14.3
24 24 26
100 100 85
14.8 12.4 12.6
24 26.5 24
Cu. cm. 10,700 10,700 12,600 12,850 11,000 10,930
Initial Atm. Pr. 1 1 2 2 2
Film Number
Measurement:
Travel, in.
158 0 161 B 153 A 151 A 153 B 150 A
1.55 1.50 2.70 1.85 1.90 1.32
sec. .1015 .0985 .177 .1213 .1247 .0866
Rate, ft./sec.
Reillum., in.
*/o of Travel
Duration, in.
2.46
1.3
2.54 1.41 2.09 2.01 2.89
1.1 2.0 1.4 1.3 0.9
84 73 74 76 69 69
4.1
sec. .269
5.5
.361
8.0 6.0 6.5 5.5
.525 .394 .427 .361
no no no no no yes
2
'Bright Spot'
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Flame Propagation Data
Run Number
Fuel: Heptane
0/o Th.
Vol. 0/o
Grams
Cu. cm.
55 56 57 58 59 60
117
2.18
133 133 133 154
2.47 2.47 2.47 2.47 2.85
0.98 0.98 0.98 0.98 0.98 1.24
1.44 1.44 1.44 1.44 1.44 1.84
Air: */o Th.
Grams
85 75 75 75 75 65
12.6 11.1 11.1 11.1 11.1 10-7
Temp.00. 24
cu. cm. 10,9
Initial Atm. Pr. 2
Film Number 150
25 25 23.5 23.5 24
30 9,700 91700 9,600 9,600 10,700
2 2 2 2 2
B 149 A 149 B 162 A 162 B 159 A
Measurement:
Travel, in. 1.30 1.13 1.15 1.20 1.20 1.30
sec. .0853 -0742 .0755 .0787 .0787 .0853
Rate, ft./sec. 2.93 3.37 3.31 3.18 3.18 2.93
Reillum., in.
0/o of Travel
Duration, in.
0.9 0.75 0.75 0-75 0.75 0.94
69 66 65 62.5 62.5 71.5
5.7
sec. .374
3.2 5.2 5.1
.210 .341 .335
'Bright Spot'
5.7
.374
4.3
.282
ye s ye s ye s nono ye s
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Run Number
Fuel: Heptane
0/o Th.
Vol. 0/O
Grams
Cu. cm.
Flame Propagation Data
61 62 63 64
154
2.85
1.24
1.84
154
2.85
1.24
1.84
100
1.86
0.82
1.21
100
1.86
0.82
1.21
65 66
133
2.47
0.98
1.44
133
2.47
0.98
1.44
Air: */o Th. 65
Grams 12.3
Temp.0 c. 24
Cu. cm. 10,700
Initial Atm. Pr. 2
Film Number
Measurement:
Travel, in.
sec.
Rate, ft.Ysec.
Reillum., in.
*/o of Travel
Duration, in.
sec.
'Bright Spot'
159 B 160 B 155 A 155 B
1.27
.0833
3.00
0.90
71
5.0
.328
no
1.32
.0866
2.89
1.00
76
4.5
.295
no
1.75
.1150
2.18
1.2
69
4.7
.308
no
1.75
.1150
2.18
1.2
69
4.0
.263
no
156 A 156 B
1.15
.0755
3.31
0.75
65
4.0
.263
ye s
1.15
-0755
3.31
0.75
65
3.8
.249
ye s
65
12.3
24
10,700
2
100
12.4
26.5
11,000
3
100
12.4
26.5
11,000
3
75
11.1
25.5
9,750
3
75
11.1
25.5
9,750
3
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Run Number
Fuel* 'H.B.N.'t
0/o Th.
Vol. /o
Grams
Cu.
Flame Propagation Data
67 68 69
(by vol.
100
950/0 (Heptane,
100 100
70 71 72
50/o Butyl Nitrite)
100 117 117
1.94 1.94 1.94 1.94 2.27 2.27
0.85 0-85 0.85 0.85 0.99 0.99
1.21 1.21 1.21 1.21 1.44 1.44
Air: 0/o Th.
Grams
100 100 100 100 85 85
12.6 12.6 12.6 12.6 12.5 12.5
Temp.0C. 25.5 25.5 25.5 25 25 25
Cu. cm. 11,1
Initial Atm. Pr. 1
Film Number 165
00 11,100 11,100 11,000 10,950 10,950
1 1 1 1 1
A 165 B 165 0 167 B 164 A 164 B
Measurement:
Travel, In. 1.65 1.60 1.60 1.50 1.25 1.27
sec. .1083 .1050 .1050 .0984 .0821 .0834
Rate, ft./sec.
Reillum., in.
0 /o of Travel
Duration, in.
2.30 2.38 2.38 2.54 3.04 3.00
1.35 1.30 1.30 1.15 0.8 0.85
82 81 81 77 64 67
5.5 6.0 6.0 6.o 6.o
sec. .361 .394 .394 .394 .394
6.5
.426
no no no no no no
m. *
'Bright Spot'
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Flame Propagation Data
Run Number 73 74 75 76 77 78
Fuel: 'H.B.N.'
O/o Th.
Vol. 0/a
Grams
2.27 2.56 2.56 2.56 2.56 1.94
0.99 0.99 0.99 0.99 0.99 0.85
Cu. cm. 1.44 1.44 1.44 1.44 1.44 1.21
Air: 4/o Th.
Grams
85 75 75 75 75 100
12.5 11.0 11.0 11.0 11.0 12.6
Temp .C. 25 24 24 24 25.5
Cu. cm. 10,950 9,580 9,580 9,580 9,630 10,900
Initial Atm. Pr. 1 1 1 1
Film Number
Measurement:
Travel, in.
164 0 163 A 163 B 163 0 168 B 167 A
1.15 1.23 1.33 1.23 1.20 1.80
see. .0755 .0807 .0873 .0807 .0787 .1186
Rate, ft./sec.
Reillum., in.
*/o of Travel
Duration, in.
3.31 3.10 2.86 3.10 3.18 2.12
0.8
70
5.1
sec. .335
0.8 1.0
65 75
6.5
.426
5.0
0.95 0.85 1.15
77 71
5.5 5.3
.328 .361 .347
64
5.5
.361
no no no
117 133 133 133 133 100
24
3
'Bright Spot' no ye s no
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Flame Propagation Data
Run Numbe r 79 80
Fuel: 'H.B.N.'
0/o Th.
Vol. G/0
Grams
Cu. cm.
Air: O/o Th.
Grams
Temp.00 -
Cu. cm.
Initial Atm. Pr.
Film Number
Measurement:
Travel, in.
se.
Rate, ft./sec.
Reillum., in.
0/o of Travel
Duration, in.
sec. .394
no yes
81 82
133 133
2.56
0.99
1.44
2.56
0.99
1.44
75 75
11.0 11.0
25.5
9,630
100
1.94
0.85
1.21
100
12.6
25
12,600
3
167 C
2.10
.1378
1.81
1.6
76
6.0
25.5
9,630
133
2.56
0.99
1.44
75
11.0
24
9,580
3
166 B
1.30
.0853
2.93
0.8
62
5.0
.328
3 3
168 A
1.25
.0820
3.05
0-75
60
3.3
.216
168 C
1.25
.0820
3.05
0.8
64
3.1
.203
'Bright Spot' ye s ye s
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Appendix Two
Supplementary Data and Computations
In preparing a fuel-air mixture, the volume of
both fuel and air were measured in calibrated vessels, as
described in Section VI,' 'Experimental Apparatus''.
The burette used for measuring the fuel consisted
of four bulbs in series, providing the following amounts
of fuel:
1 bulb
2 bulbs
3 bulbs
4 bulbs
We stfall
The
puted from
C H@ 5
grams: 78
0 H
grams: 100
0 H
49 9
10
cu. cm. g. Benzene g. Heptane
0.3957 0.345 0.268
0.8312 0.725 0.563
1.2089 1.052 0.819
1.4394 1.253 0.975
density(240 C.)0.875 0.677
g. 'HBN'
0.273
0.572
0.848
0.990
0.688
weight of air for theoretical combustion was
the following equations:
+ 7.5 0 + 28.4 N = 6 00 + 3 H 0 + 28.4 N2 a a 2 8
(240 + 795) = 1035 grams of air
= 13.27 g. air per g. C H
+ 11 0 + 41.6 N = 7 00 + 8 H 0 + 41.6 N
8 2 2 a 2 1
(352 + 1165) = 1517 grams of air
= 15.17 g. air per g. 0 H
NO + 6 0 + 22.7 N = 4 00 + 41 H 0 + 22.7 N
1 .2 2 4 2 2
3 (192 + 635) = 827 grams of air
c o1
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0/o by vol. g./c.c. g. air/g. fuel
Heptane .95 x 0.679 x 15.17 = 9.78 g. air
Butyl Nitrite.05 x 0.897 x 8.0 = o.36
10.14 g. air.
10.14/0.688 = 14.8 grams air per gram 'H.B.N.'
The weights of air corresponding to any percentage
of theoretical may be calculated from the above. For con-
venience, charts were prepared for benzene and heptane,
showing the weight ratio of air to fuel and the per cent of
fuel by volume plotted against the per cent of theoretical
air. Copies of these charts follow this page.
Air density, corrected for water vapor pressure,
was plotted against temperature in the range 20 to 30 degrees
Centigrade, so the volume of air required may be found by
multiplying the grams of air by 'K' which is the corrected
volume in cubic centimeters per gram.
The three air measuring vessels were calibrated,
the first with a fixed volume of 8830 cubic centimeters, and
the second and third so that intervals of 100 cubic centi-
meters are provided. These are given in a table following.
gZNZENEVJ
tK6
FT (-F 2 E- C1L /
/V
tj t4
CO R REC TIO L V CAr 7
OX
2007 s
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Air Measurement Calibration
Volume of Air Scale,
cu. cm. cm.
8,830 Vessel I
8,900 + II 4.2
9,000 7.4
9,100 10.6
9,200 13.8
9,300 17.0
9,400 20.1
9,500 23.3
9,600 26.5
9,700 29.7
9,800 32.9
9,900 36.1
10,000 39.3
10,100 42.4
10,200 45.6
10,300 48.8
10,400 52.0
10,500 55.2
10,600 58.4
10,700 61.6
Note: The zero reading
Volume of Air Scale
cu. cm. cm.
10,700 Vessels I and
10,800 + III 5.0
10,900 8.0
11,000 11.0
11,100 14.0
11,200 17.0
11,300 20.0
11,400 23.0
11,500 26.0
11,600 28.9
11,700 31.9
11,800 34.9
11,900 37.9
12,000 40.8
12,100 43.8
12,200 46.7
12,300 49.7
12,400 52.7
12,500 55.7
12,600 58.6
12,700 61.5
for vessels II and III is 2.0 cm.
II
L
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Source of Fuels Used
Malinckrodt reagent quality
CS 0.00250/0
Heptane:
Non-vol. 0.00250/0
Thiophene 0.000 0/o
No other organic impurities
Freezing point: 5.0 - 5.40 C.
normal heptane obtained through the courtesy of
the Ethyl Gasoline
Butyl Nitrite:
Corp., New York.
Boiling point: 96 - 98 0 0.
normal butyl nitrite (Eastman)
Boiling point: 77 - 7900.
Limits of Flame Propagation
Benzene: Present work
Limited by
Meas. app.
Ignition
Vol. 0 /o Fuel
0.78 - 4.17
2.10 - 4.17
O/o Air
318 - 65
130 - 65
Le Chatelier and Boudouard (Bib. 1093)
Kubierschky
Heptane:
(1094)
Present work Meas. app.
Ignition
1.4 - 4.7
0.53 - 2-85
1.44 - 2.65
196 - 58
353 - 65
130 - 65
Le Chatelier and Boudouard (1093)
Benzene:
1.5 - 183 -
1.1 - 168 -
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Developing Data
The developer found to produce most satisfactory
negatives for this work is a modification of the''combined
M - Q'' given in Neblette's ''Principles of Photography','
page 287 (Second Edition):
Solution I. Metol (Hauff) 5 parts
Hydroquinone 8 ''
Potassium Bromide 5 ''
Sodium Sulfite 60 ''
Water to 1000 ''
Solution II. Potassium Carbonate 55 ''
Water to 1000 ''
Note: In preparing solution I, dissolve the
Metol before adding the sodium sulfite. Do not mix the
two solutions until ready to develop. A developing time
of 5 minutes gave sharp negatives with little fogging.
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Appendix Three
Computations Pertaining to the Correlation
of Propagation Rate with Heat of Combustion
This section includes the following:
1. Computation of water-gas equilibrium, K = 0.2,
for benzene and heptane, 117, 133, and 1540/o
of theoretical fuel.
2. Table of dissociation constants for carbon
dioxide and water, and sensible heat content
at constant volume for carbon dioxide, water
vapor, and simple diatomic gases. The disso-
ciation constants were taken from Chapter VIII
of '' Fuels and their Combustion' ' by Haslam
and Russell (McGraw-Hill Book Co., Inc., 1926).
The heat contents were obtained (changed to the
constant volume basis) from the table on page 5
of ''Industrial Stoichiometry'' by Lewis and
Radasch (McGraw-Hill Book Co., Inc., 1926).
3. Sample computation by successive approximation
of equilibrium, considering dissociation, theor-
etical flame temperature, and heat balance.
4. Table of equilibrium compositions obtained from
the above computations.
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Computation of Water-Gas Equilibrium
K = 0.2, not Including Dissociation
1170/o Theoretical Benzene
C H + 6.37 0 =a CO + b H
a + c = 6 mols. 2a +
b + d = 3 mols. 2a +
+ c 00 + d H 0.
2
c + d. = 12.74 mols.
2c = 12.00 mols.
- a + d = 0.74 mols.
002 x H = 0.2 a x b
00 x Hc x d (a x b) 0.2 (c x d).
(6 - c)(3 - d) = 0.2c (0.74 + c).
(6 - c)(2.26 - c) = 0.2c (0.74 + c).
0.8 co - 8.11 c + 13.56 = 0. c = 2.11.
a = 3.89, b = 0.15, d = 2.85.
Per 100 mols charge: 00 = 3.89 x 3.17 = 12.33 mols.
2
H = 0.15 x 3.17 = 0.48 mols.
2
00 = 2.11 x 3.17 = 6.71 mols.
H 0 = 2.85 x 3.17 = 9.03 mols.1
1330 /o The ore ticoal Be nze ne
C H + 5.62 0 = a 00 + b H
6e 2 2 2
a + c = 6 mols. 2a +
b + d = 3 mols. 2a +
+ c 00 + d H 0.1
c + d = 11.24 mols.
2c = 12.00 mols.
- c + d = - 0.76 mols.
(6 - c)(3.76 - c) = 0.2c (c - 0.76).
0.8 c2 - 9.61 c + 22.56 = 0. C = 3.20.
a = 2.80, b = 0.56, d = 2.44.
Per 100 mols charge: 00 = 2.80 x 3.59 = 10
H = 0.56 x 3.59 = 2
00 = 3.20 x 3.59 = 11
HsO = 2.44 x 3.59 = 8
.05 mols.
.01 mols.
.50 mols.
.75 mols.
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Computation of Water-Gas Equilibrium
K = 0.2, not Including Dissociation
1540/0 Theoretical Benzene
C H + 4.88 0 = a CO +
a + c = 6 mols.
b + d = 3 mols.
(6 - c)(5.24 - c) = 0.2c
0.8 co - 10.79 c + 31.44
a = 1.72, b =
Per 100 mols charge: 00
H
CO
H
b H + cCO + d H 0.
2 8
2a + c + d = 9.76 mols.
2a + 2c = 12. mols.
- c + d =- 2.24 mols.
(C - 2.24).
= 0. c = 4.28.
0.96, d = 2.04.
= 1.72 x 4.17 = 7
= 0.96 x 4.17 = 4
= 4.28 x 4.17 = 17
D = 2.04 x 4.17 = 8
.17 mols.
.00 mols.
.84 mols.
.50 mols.
1170/o Theoretical Hentane
C H + 0.85x11 (= 9.35) 0 = a CO + b H + c 00
a + c = 7 mols. 2a + c + d = 18.70 mols.
b + d = 8 mols. 2a + 2c = 14.00 mols.
- c + d = 4 .70 mols.
(7 - c)(3.30 - c) = 0.2c (c +4.70).
0.8 c2 - 11.24 c + 23.10 = 0. c = 2.50.
a = 4.50, b = 0.80, d = 7.20.
Per 100 mols charge: 00 = 4.50 x 2.18 = 9.81 m
H = 0.80 x 2.18= 1.74 m
00 = 2.50 x 2.18 = 5.45 m
H 0 = 7.20 x 2.18 = 15-70 m
2
+ d H 0.
2
1is.
o1s.
As.
)lS.
rf
rL
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Computation of Water-Gas Equilibrium
K = 0.2, not Including Dissociation
1330/o Theoretical Heptane
C H + 8.25 0=aCO +bH + c 00 + d H 0.
7i.8 2 8 8 8
a + c = 7 mols.
b + d = 8 mols.
2a + c + d = 16.50 mols-
2a + 2c = 14.00 mols.
- c + d= 2.50 mols.
(7 - c)(5.50 - c) = 0.2c (c + 2.50).
0.8 co - 13.00 c + 38-50 = 0. c = 3.75.
a = 3.25, b = 1.75, d = 6.25.
Per 100 mols charge: CO
13
= 3.25 x 2.47 = 8.03 mols.
H = 1.75 x 2.47 = 4.33 mols.
00 = 3.75 x 2.47 = 9.27 mols.
H 0 = 6.25 x 2.47 = 15.43 mols.
8
1540/o Theoretical Heptane
C H + 7.15 0 = a CO + b H + c 00 + d H 0.
73.8 8 8 8 8
a + c = 7 mols.
b + d = 8 mols.
2a + c + d = 14.30 mols.
2a + 2c = 14.00 mols.
- + d= 0.30 mols.
(7 - c)(7.70 - c) = 0.2c (c + 0.30).
0.8 c0 - 14.76 c + 53.90 = 0. C = 4.98.
a = 2.02, b = 2.72, d = 5.28.
Per 100 mols charge: C = 2.02 x 2.85 = 6.55 mols.
H = 2.72 x 2.85 = 8.55 mols.
2
00 = 4.98 x 2.85 = 13.40 mols.
H20 = 5.28 x 2.85 = 14.25 mols.
- 116 -
Dissociation Equilibrium Constants
and Sensible Heat Contents
Temp.0 C.
1700
1750
1800
1850
1900
1950
2000
2050
2100
2150
2200
2250
2300
2350
2400
2450
2500
2550
2600
Temp. F.
3090
3180
3270
3360
3450
3540
3630
3720
3810
3900
3990
4080
4170
4260
4350
4440
4530
4620
4710
K 00 KH20
(P atm., T0R.)
912
575
372
257
182
132
97.7
69.2
50.1
36.3
27.6
20.9
16.6
13.2
10.2
7.95
6.31
5.25
4.36
0v (00) c (H20)
(kg.-cal. per
3630 17.7
2630 18.35
1740 19.0
1260 19.65
912 20.3
692 20.95
501 21.6
363 22.25
276 '22.9
209 23.55
162 24.2
132 24.85
107 25.5
88.1 26.15
69.2 26.8
55.0 27-45
43.6 28.1
38.0 28.75
33.1 29.4
14.2
14.85
15.5
16.15
16.,8
17.45
18.1
18.75
19.4
20.05
20.7
21-35
22.0
22.65
23.3
23.95
24.6
25.25
25.9
a v(diat.)
100 g.mols)
10.4
10.7
11.0
11.3
11.6
11.9
12.2
12.5
12.8
13.15
13.5
13.85
14.2
14.55
14.9
15.25
15.6
15.95
16.3
i
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Sample Computation o! Equilibrium,
Theoretical Flame Temperature, and Heat Balance
1170/o Theoretical Benzene, 1 atm. initial pressure,
approximately 3 atm. average pressure.
Try 25000 0. = 4530* F., K = 6.31, K = 43.6.
002 Hg0
(002 - X) RooHs - y) fX + Y) ._
6.31(00+x) 3.6(H+y) 2 100 . x = 002 dissoc.
(12.33 - x) =(9.03- y) =(x + y) y=H 0 dissoc.
6.31(6.71 + x) 43.6(0.48 + y) 25 . 2
(x + y)/2 = 0 mols.
2f
(a) (a)
x 12.33 6.71 6.31 (a)
- x + x times 6.31c
y
.70 11.63 7.41 46.8 .248 .324
.90 11.43 7.61 48.0 .238 .355
.97 11.36 7.68 48.5
(d) (b) (e)
9.03 0.48 x + y Le-. /e 7
-y + y 25 / 25
1.024 .041 .203
1.255 .0502 .224
.234 .405 8.62 0.89 1.375 .0550 .34
Sensible Heat,
00 : 11.36 x 28.1 =
H O: 8.62 x 24.6 =
2
H:H2
Kg.-cal./10 g. mols, Reaction Heat.
319.
212.
7.68
0.89
0.69
00 : 11.36 x 94.4 = 1071.
H 0:2
00:
8.62 x 57.9 = 499.
7.68 x 26.6 = 204.
0 H
6 6 3.17 x 18.4 =
dissoc.
N : 76.59
Diat. 85.82 x 15.6 = 1340.
Total
Radiation
1832.
- 414.
Total 105.80 mols.
Initial sens. heat -500.
1374
Balance is off by 44 Cal.
25200 C., sens. = 1890, - 500 = 1390.
react.= 1823, - 430 = 1393, react.- rad.+ 500 = 1893.
1874. 1418.
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Computation of Radiation for Heat Balance
1170/0 Theoretical Benzene, 25000 C. = 45300 F.
1 atm. initial pressure, 8 atm. av. pressure.
(Method of Haslam and Hottel, reprint, First National
Meeting of the A.S.M.E., Fuels Division, St. Louis, Mo.,
October 10 to 13, 1927.)
L = effective thickness of flame = 0.2 ft.
P = 11.36 x 8. LPCO2 = 11.36 x 8 x 0.2 = 0.172,
CO2 105.8 105.8
PH 0 - 8.62 LP2 105.8 X 8. LCO
8.62
105.8 x 8 x 0.2 = 0.130,
'C' = 22,000
'11 = 22,000
'C' and '17' are taken from charts and represent the
total radiation in B.T.U./ sq.ft./ hr. for carbon dioxide
and water vapor, respectively.
'C' + ',' = 44,000 B.T.U. Correction 'K' neglig.
Non-luminous radiation then =
36.oQ 0Q785 0.0644 = 207 kg.-cal./ 100 g. mols.3600 X6,645-6x 570655
Multiplying by 2 to allow for luminous radiation,
radiation = 414 kg.-cal./ 100 g. mols.
In the above conversion of units the factors are:
3600 seconds = 1 hour,
0.785 sq. ft. f internal area of bomb.
0.0456 1.8 = B.T.U./cu.ft. per kg.-cal./100 g.mols.
39.4
0.0644 = seconds of travel from spark to wall.
0.0655 cu. ft. = av. volume of flame.
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Equilibrium CoMositions Considering Dissociation
Basis: 100 mols charge.
Pr. 0/0
atm. Fuel
Benzene
8 87
100
117
133
154
16 87
100
117
133
154
24 100
133
Heptane
8 87
100
117
133
154
16 87
100
117
133
TOC.
2250
2300
2500
2500
2250
2360
2500
2600
2600
2400
2600
2600
2000
2350
2400
2300
2050
2200
2350
2450
2400
CO H O 00 H 0 N Total
2 9 9 2 3 Mols
13.01 7.06
13.76 7.91
11.36 8.62
9.37 9.06
6.86 8.80
12.82 7.00
12.66 7.81
11.28 8.72
9.27 9.16
6.73 8.92
12.31. 7.80
9.36 9.18
11.04 12.83
10.65 14.40
9.12 15.86
7.19 16.22
5.56 15.24
10.72 12.77
11.08 14.50
9.16 15.91
7.09 16.30
1.21
2.50
7.68
12.18
18.15
1.33
3.60
7.76
12.28
18.28
3.95
12.19
0.24
2.38
6.14
10.11
14-39
0.55
1.95
6.10
10.21
0.05
0.22
0.89
1.70
3.70
0.11
0.32
0.79
1.60
3.58
0.33
1.58
0.05
o.48
1.58
3.54
7.56
0.11
0.38
1.53
3.46
3.26 77.22
1.36 76.96
0.69 76.59
0.19 76.26
0.00 75.80
3.35 77.22
1.96 76.96
0.68 76.59
0.19 76.26
0.01 75.80
2.14 76.96
101.81
102.71
105.80
108.76
113.31
101.83
103.31
105.80
108.76
113.32
103.49
0.13 76.26 108.70
3.00
1.43
0.27
0.03
0.00
3.18
1.17
0.22
0.03
77.83
77.63
77.38
77.15
76.85
77.83
77.63
77.38
77.15
105.18
106.97
110.35
114.24
119.60
105.16
106.71
110.30
114.24
154 2250 5.14 15.66 14.82 7.14 0.00 76.85 119.61
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Equilibrium Compositions Considering Dissociation
(continued)
Pr. O/o TOC. 00 H 0 CO H 0 N Total
atm. Fuel Mols Mols Mols Mols Mols Mols Mols
Henptane
24 100 2450 10.70 14.43 2.33 0.45 1.39 77.63 106.93
133 2500 7.04 16.32 10.26 3.44 0.05 77-15 114.26
Note: The temperatures appearing in this table are not
in every case those -actually used in the heat balance,
since interpolation was used in 100 degree intervals.
Thus they are all within 50 degrees of the temperature
used in the computations.
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Appendix Four
B IBLIOGRAPHY
This bibliography is intended to provide a list,
as complete as possible, of papers on combustion in the gas
phase which have appeared in the scientific and technical
literature during the half century 1880-1930. This period
opens with the classical researches of Mallard and Chatelier
and Berthelot and Vielle and closes with the last full cal-
bndar year preceding the writing of this thesis.
The first list is a short one of books which have
been found useful.
The main body of the bibliography is divided for
convenience into four sections as follows:
I. Mechanism of gaseous combustion.
II. Ignition mechanism and limits.
III. Propagation mechanism and rates.
IV. Engines and knocking.
A few supplementary pages contain the addenda,
which include titles unintentionally omitted and papers
which were published in 1931.
The author wishes to express his gratitude to
the reference staffs of the following libraries:
Massachusetts Institute of Technology Library,
with especial thanks to the Reference Librarian, Miss
Merian Smith,
F
The Boston Public Library,
The Library of Arthur D. Little, Inc.,
The Harvard University Library,
The Library of the American Academy of Arts
and Sciences, Boston,
The Massachusetts State House Library,
The New York Public Library,
The Library of the Engineering Societies of
New York City.
In each of the four sections of the bibliography,
the arrangement is first chronological and secondarily
within each year, alphabetically according to the names
of the senior authors.
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LIST OF BOOKS
Most of the records of research in gaseous com-
bustion and flame propagation must be looked for in the
periodical literature, but there are a few book s ,7hich
may be found of more or less value as reviews and summaries.
The titles of some of these are given below.
B 1. Die Elektrischen Eigenschaften der Flamme (The Elec-
trical Properties of Flames). Becker, A., Handbuch
der Experimentalphysik, Vol. 13, Teil 1, p. 107.
Akademische Verlagsgesellschaft M. B. H1., Leipzig
(1929).
B 2. Flame and Combustion in Gases. Bone, W. A., and
Townend, D. T. A., Longmans, Green and Co., Ltd.,
London (1927).
B 3. Gaseous Combustion at High Pressures. Bone, W. A.,
Newitt, D. M., and Townend,, D. T. A., Longmans,
Green and Co., Ltd., London (1929).
B 4. Explosion and the Explosion Engine. Brislee, F. J.,
An Introduction to the Study of Fuel, Chap. 12, p.
201. Constable and Co., London (1912).
B 5. The Gas, Petrol and Oil Engine, Vol. 1. Clerk, D.
John Wiley and Sons, New York (1909).
B 6. The Kinetics of Chemical Change in Gaseous Systems.
Hinshelwood, C. N. Oxford Univ. Press (Second Ed.)
(1929).
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B 7. Mecanique des Explosifs (Mechanics of Explosives).
Jouguet, E. Paris (1917).
B 8. Explosion and Combustion in the EnGine, Judge, A.
W. The High Speed Internal Combustion EnEgine,
Chap. 2, p. 55. Sir Isaac Pitman and Sons, Ltd.,
Bath (1918).
B 9. Detonation. Ricardo, H. R. The Internal Combustion
Engine, Vol. 2, High Speed Engines. D. Van Nostrand
Co., New York (1923).
B 10. Combustion and Flames. Rideal, E. K., and Vlans-
brough-Jones, 0. H. Annual Rep. Progress of Chem.,
Vol. 25, p. 335 (1928).
Other books used during work on the thesis.
B 11. A guide to the Literature of Chemistry. Crane,
E. J., and Patterson, A. M. John Wiley and Sons,
New York (1927).
B 12. Fundamentals of Physical Chemistry. Eucken, A.,
Jette, E. R., and LaMer, V. K. McGraw-Hill Book Co.,
New York (1925).
B 13. Fuels and their Combustion. Haslam, R. T., and
Russell, R. P. McGraw-Hill Book Co., New York (1926).
B 14. Industrial Stoichiometry. Lewis, W. K., and
Radasch, A. H. McGraw-Hill Book Co., New York (1926).
B 15. Thermodynamics. Lewis, G. N., and Randall, M.,
McGraw-Hill Book Co., New York (1923).
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Section One
MECHANISM OF GASEOUS COMBUSTION
1. Ueber Aktivirung des Sauerstoffs (Activation of
Oxygen). Traube, M., Berichte, 15, 659 (1882).
2. Spectroscopic Studies on Gaseous Explosions.
Liveing, G. D., and Dewar, J., Proc. Roy. Soc.,
A 36, 471 (1883).
3. Conditions of Chemical Change in Gases: Hydrogen,
Carbonic Oxide, and Oxygen. Dixon, H. B., Phil.
Trans., A 175, 617 (1884).
4. The Conditions of Chemical Change in Gases: Hydrogen,
Carbonic Oxide, and Oxygen. Dixon, H. B., Proc.
Roy. Soc., A 37, 56 (1884).
5. The theory of the interaction of carbon monoxide,
water, and oxygen gas. Armstrong, H. E., J. Chem.
Soc., 49, 112 (1886).
6. Further Experiments on Flame. Burch, G. J., Nature,
35, 165 (1886).
7. The Combustion of Cyanogen. Dixon, H. B., J. Chem.
Soc., 49, 384 (1886).
8. Ueber die Verbrennung von Kohlenoxyd (The Combustion
of Carbon Monoxide). Meyer, L., Berichte, 19, 1099
(1886).
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9. Combustion in Dried Oxygen. Baker, H. B., Phil.
Trans., A 179, 571 (1888).
10. Experimentelle Beitrage zur Kenntnis der VorgAnge bei
der Wasser- und Heizgasbereitung (Experimental Con-
tribution to the Knowledge of the Reactions in Water-
Gas and Fuel-Gas Manufacture). Lang, J., Z. physik.
Chem., 2, 161 (1888).
11. Uber die Dissociation der Kohlensaure (The Dissocia-
tion of Carbonic Acid). 1e Chatelier, H., Z. physik.
Chem., 2, 782 (1888).
12. Incompleteness of Combustion in Gaseous Explosions.
Dixon, H. B., and Smith, H. W., Chem. News, 59, 65
(1889).
13. Die Strahlungsenergie von Flammen (The Radiant Energy
of Flames). Helmholtz, R. v., Verhandl. physik. Ges.,
Berlin, 8, 51 (1889).
14. Die Licht- und Warmestrahlung verbrennender Gase
(The Light and Heat Radiation of Burning Gases).
Helmholtz, R. v., Verhandl. Ver. Befb'rd. Gewerbfl.,
68, 201 and 271 (1889).
15. Die Licht- und Warmestrahlung verbrennender Gase
(The Light and Heat Radiation of Burning Gases).
Helmholtz, R. v., Beibl. Ann. Physik, 14, 589 (1890).
16. Untersuchungen iiber die langsame Verbrennung von Gas-
gemischen (Research on the Slow Combustion of Gas
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Mixtures). I. Krause, A., and Meyer, V., Annalen,
264, 85 (1891).
17. Zur Kennzeichnung der Flamme (The Characteristics of
Flames). Teclu, N., J. prakt. Chem., 44, 246 (1891).
18. Untersuchungen (iber die langsame Verbrennung von Gas-
gemischen (Research on the Slow Combustion of Gas
Mixtures). II. Askenasy, P., and Meyer, V., Annalen,
269, 49 (1892).
19# Uber den Umsatz von Wasserstoff mit Chlor und Sauer-
stoff (The Reaction of Hydrogen with Chlorine and
Oxygen). Harker, J. A., Z. physik. Chem., 9, 673
(1892).
20. The Explosion of Ethylene with less than its own
Volume of Oxygen. I. Lean, B., and Bone, W. A.,
Rep. Brit. Assn. Adv. Sci., 62, 673 (1892).
21. The Luminosity of Coal-Gas Flames. Lewes, V. B.,
Trans. Chem. Soc., 61, 322 (1392).
22. The Structure and Chemistry of Flame. Smithells, A.,
and Ingle, H., Trans. Chem. Soc., 61, 204 (1892).
23. Uber die elektrische Leitfashigkeit der Flamme und der
Gase (The Electrical Conductivity of Flames and Gases).
Hemptinne, A. de, Z. physik. Chem., 12, 244 (1893).
24. The Action of Heat upon Ethylene. Lewes, V. B.,
Proc. Roy. Soc., A 55, 90 (1884).
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25. Ueber die Emission der Gase (The Emission of Gases).
Paschen, F., Ann. Physik, 52, 209 (1894).
26. The Structure and Chemistry of the Cyanogen Flame.
Smithells, A., and Dent, F., Trans. Chem. Soc.,
65, 603 (1894).
27. The Action of Heat upon Ethylene. II. Lewes, V. B.,
Proc. Roy. Soc., A 57, 394 (1895).
28. The Mode of Formation of Carbonic Acid in the Burning
of Carbon Compounds. Dixon, H. B., J. Chem. Soc.,
69, 774 (1896).
29. Sur quelques conditions qui rAglent les combinaisons
gazeuses (Some conditions which regulate gaseous com-
binations). Gautier, A., and Helier, H., Compt.
rend., 122, 566 (1896).
30. Theorie der pyrogenen Reactionen aliphatischer Kohl-
enwasserstoffe (Theory of the Pyrogenic Reactions of
Aliphatic Hydrocarbons). Haber, F., Berichte, 29,
2691 (1896).
31. The Direct Union of Carbon and Hydrogen. Bone, W.
A., and Jerdan, D. S., Trans. Chem. Soc., 71, 41
(1897).
32. Ueber die sogennante ''Aktivirung'' des Sauerstoffs
und Otber Superoxydbildung (The So-called t'Activa-
tion'' of Oxygen and Super-oxyd Formation). Engler,
C., and Wild, W., Berichte, 30, 1669 (1897).
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33. Rgcherches sur les combinaisons gazeuses (Research
on gaseous combinations). Helier, H., Ann. chim.
phys., (7) 10, 521 (1897).
34. Ueber Aktivirung des Sauerstoffs (Activation of Oxy-
gen). Engler, C., and Weissburg, J., Berichte, 31,
3046 (1898).
35. Gasreaktionen in der chemischen Kinetik. V. All-
mahliche Vereinigung von Knallgas (Gas Reactions in
Chemical Kinetics. V. Gradual Combination of Deton-
ating Gas). Bodenstein, M., Z. physik. Chem., 29,
665 (1899).
36. The Combustion of Carbon Disulphide. Dixon, H. B.,
and Russell, E. M., Trans. Chem. Soc., 75, 600 (1899).
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Appendix Five
Abstract
A PHOTOGRAPHIC STUDY OF FLANE PROPAGATION
The object of this investigation was to study a
particular phase of the phenomenon of knocking which occurs
in internal combustion engine explosions. Photographic
evidence from several sources had indicated the absence of
any relation between the speed of propagation of flame from
the spark plug and the presence or absence of knocking; and,
at the time of initiation of this work, the same evidence
indicated the possible importance of studying photographic-
ally the phenomena occurring near the end of the period of
flame travel. Accordingly, it became the definite objec-
tive of this research to create in a bomb conditions cor-
responding to knocking and to non-knocking explosions, to
photograph the travel of flame in the bomb, to study the
difference between the phenomena observed under the two con-
ditions, and to correlate, if possible, the flame speeds
observed with the factors affecting them.
To eliminate irregularities of motion of the gas
in the bomb ahead of the flame front, the bomb was constructed
of spherical form, six inches in diameter, and provided with
central ignition. Extending one-third around a great circle
of the sphere, was a narrow slot, covered with cellophane,
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and serving as a window through which the photographs could
be taken. Photography was accomplished by forming an image,
on a film carried on a rotating cylindrical drum, of the
section of the sphere of flame seen through the slot; the
final photograph being a v-shaped image, on which the slope
of the side measures the speed of propagation.
Of about 400 photographs taken, approximately 80
were of sufficient detail to be used. The range of condi-
tions studied included mixtures, lean to rich, of air with
the typical non-knocking fuel, benzene; air with the typical
knocking fuel, normal heptane; and air with a mixture of
95 */o heptane and 5 O/o normal butyl nitrite, a knock in-
ducer. Initial pressures ranged from one to three atmos-
pheres. The initial temperature, except for preliminary
runs with the bomb steam-jacketed, was that of the room.
The results of flame speed measurements are pre-
sented in graphical form and permit the following qualitative
conclusions:
For any fuel at a certain initial pressure, the
maximum speed occurs in rich mixtures, corresponding to 75
to 85 per cent of theoretical air.
Other things being equal, the flame rates in ben-
zene mixtures were higher than those in heptane mixtures.
The effect of butyl nitrite was scarcely noticeable.
The effect of pressure on flame speed was slight,
except for very rich mixtures, when the speed was increased
by increasing pressure. in all cases, inCreasing pressure
produced increase in light intensity.
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Under certain conditions of mixture composition
and initial pressure, an area of intense illumination some-
times occurred about the center of the bomb, just prior to
the moment the flame reached the walls. This bright illumi-
nation continued for a short time, enlarging somewhat, form-
ing a distinct streak brighter than the surrounding flame.
In a few cases, this phenomenon seemed to form the nucleus
for a rapid wave of propagation of detonation type. It was
decided to determine the conditions under which this bright
spot mirht occur. First, to eliminate the possibility that
it was simply the result of a residual spark, a single-spark
ignition system was installed; but the bright spot appeared
the same as before. It was found that this intense bright
area occurred most readily in the rich mixtures of 75 per
cent of theoretical air (133 per cent of theoretical fuel),
that its occurrence was favored by increasing the initial
pressure, and that it appeared in a greater range of mixture
composition with benzene than with heptane.
These data led to the supposition that the bright
spot probably occurs only with mixtures containing at least
a certain amount of energy. To demonstrate this connection
between energy and the bright spot, the heat energy theoreti-
cally produced dOuring the combustion of the various mixtures
was computed. 'en these heat content values were plotted
against the observed flame propagation rates, it was noted
that the benzene and heptane points lay along the same straight
lines, with a separate line for each initial pressure, and a
change of slope at the theoretical mixture.
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When the heats were plotted against mixture com-
position, it was seen that, in general, the bright spot oc-
curred only when the mixture contained more than a definite
amount of heat as the result of the combustion. Two cases
departed slightly from the generalization. This correlation
between the occurrence of the bright spot and heat content
indicates that this phenomenon is associated with a high
energy condition and may well be a preliminary stage to the
initiation of detonation.
Considerable difference of opinion is exhibited
in the literature about the method of computing the heat
content of gaseous explosions, particularly in regard to
the correcttess of including the heat content of the initial
mixture at the -ignition temperature. The method of computing
the radiation loss is somewhat arbitrary, since no reliable
data could be found on radiation loss from explosion flames.
In the present instance it was found that a satis-
factory correlation vas obtained when both preheat and radia-
tion loss were considered, while the omission of either or
both terms led to no correlation.
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